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ABSTRACT 
 
Exotic skins and leathers have enjoyed a recent resurgence, as current fashion magazines illustrate. Louisiana would 
like to increase its niche in the exotic skins market by increasing alligator, ostrich and emu skin usage, mainly by 
inspiring designers to incorporate them into their repertoire.  The possibilities are endless from apparel and trim to 
upholstery and other home furnishings to accessories; Louisiana exotic skins have significant market potential.  In 
order to assist in these traditional textile applications, characterization of the various skin properties needs to be 
completed.  The research was carried out in three stages.  For the preliminary research, one emu skin was thoroughly 
tested by standard and modified methods to characterize the physical properties of the skins.  In the second phase, 
testing techniques determined effective for emu skin were used to measure properties of alligator skins.  As a result, 
a database of physical properties was created that permitted comparisons of the exotic skins to their more traditional 
leather counterparts.  The final stage of the research was to test ostrich and traditional leathers by the established 
methods and perform statistical comparisons of the skins, to compare exotic to traditional leather.  There were very 
few significant differences between the exotic and traditional leathers.  Finish had an impact on the performance of 
the skins.  Garment finished skins were more extensible than skins with classic finishes, had a softer hand and less 
stiffness.  Deer, pig and cowhide had higher tensile extensibilities than the alligator skins, which were stiffer.  In 
colorfastness testing, alligator and ostrich samples were similar to cowhide, goat and buffalo, and superior to suede, 
deer, lamb and pig in staining fibers with which the skin was in contact during dry-cleaning.  Based on their similar 
physical properties, the exotic skins can successfully be substituted for their more traditional counterparts.  If 
destruction of a hide is not an option, preliminary research indicates that NIR can predict Young’s modulus as 
measured by the tensile test, which can be correlated to other physical properties.  
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CHAPTER 1.  INTRODUCTION 
1.1 Introduction 
In an attempt to broaden the markets of Louisiana’s exotic skins, physical property data of alligator, ostrich 
and emu skins were needed to prove the exotics were reasonable substitutes for traditional leathers.  In order to 
develop products that further penetrate the high-end textile market, manufacturers must be able to determine the 
textile properties and predict the appropriate end uses based on these properties.  The following quote from the 
Research Needs and Priorities in Relation to Certain Agricultural Commodities, A study undertaken by the Tropical 
Products Institute commissioned by the Food and Agriculture Organization of the United Nations Volume 3:  The 
Fiber Crops, Hides and Skins and Leather of 1975 eloquently states the purpose of this research for alligator, ostrich 
and emu skins (Tropical Products Institute, 1975 p. 523). 
…it is at the finishing stage, where attempts are made to modify the leather’s characteristics, that 
there is a need to know more about the fundamental physical and chemical properties of leather 
and its reaction to finishing techniques. … Without this type of research leather seems likely to 
lose further ground to synthetics. … Before any major progress can be made in making leather 
more competitive with synthetics and in extending its end uses, far more needs to be known about 
its mechanical and physical properties.  
 
Despite the call for more intense study, the literature regarding the fundamental physical properties of 
exotic skins is limited.  This fact demonstrates the urgency for the exotic skin research of this dissertation.  
Following the advice given in the UN report, the physical properties of exotic as well as traditional leathers were 
evaluated.  Because of the limited size and expense of exotic skins, evaluating their physical properties was uniquely 
challenging.   
This research was carried out in three distinct stages, which correlate to three journal manuscripts that 
follow in subsequent chapters.  The first stage was to examine an exotic skin using a variety of textile and leather 
tests and adapt them as needed to the exotic skin.  The second stage was to utilize the tests and techniques on a set of 
alligator skins, thus building a property database.  The third stage was to apply the tests and techniques to ostrich 
and traditional leathers and compare the two.  The major areas of comparison were: tensile strength and elongation, 
hand; colorfastness to rubbing, dry-cleaning, and laundering.  Armed with this information, Louisiana can then place 
their skins at the forefront of the leather industry.  This project highlights the most important material parameters 
correlates these material properties, and predicts performance properties from as few tests as possible.   
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This introductory chapter is organized to describe the specific aims of the research in limited detail, 
followed by a literature review of leather as well as some of the research techniques used.  The final section in the 
introductory chapter includes a brief description of the experimental methods used.  The following three chapters of 
the dissertation are the journal manuscripts that followed the specific aims of the research as outlined in this chapter.  
A final chapter describing the impact of this research concludes the dissertation. 
1.2 Specific Aims of Dissertation Research 
1.2.1 Identify and Establish Testing Procedures and Methods 
The first goal of this research was to identify testing methods and techniques that yield the performance 
properties to establish a meaningful database.  In apparel applications, the skins have the potential to be in contact 
with other materials, and thus it was important to study the behavior of the skins in contact with other fabrics.  
Laundering and dry-cleaning tests were performed with a fabric containing strips of various materials that was 
placed with the emu skin to see if any discoloration occurred.  For upholstery applications, it was important to see 
how the skins would react when rubbed; thus wet and dry crocking tests were performed.  Drape is another 
important property that dictates material behavior in apparel and upholstery applications.  Drape and fabric hand can 
be predicted from measurements made with the Kawabata Evaluation System (KES-FB) (Kawabata and Niwa, 
1989).  KES-FB involves bending, compression, tensile and shear tests.  Because of the structure and thickness of all 
skins with the exception of the emu skin of the first phase of research, KES bending, compression and shearing tests 
could not be performed.  The Qtest system developed by Louisiana State University was able to perform the bending 
and compression tests (Chen et al., 2001).  Abrasion resistance is also important for upholstery applications and was 
studied employing image analysis to assess the abrasion.  Because of their importance in traditional textile 
applications, standard tensile and tear testing were evaluated.  The results will be analyzed to determine the most 
critical tests and to eliminate any unnecessary or repetitive tests. 
1.2.2 Create Dataset 
These physical performance properties became a dataset serve as a comparison of the exotic skins to 
traditional leathers.  These data included colorfastness testing to laundering, dry-cleaning, wet and dry crocking, 
fabric hand and tensile testing.  By comparing the properties of the skins to traditional leathers, researchers and 
designers will have the tools to determine the most appropriate material for a desired application. 
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1.2.3  Comparison of Skins  
Alligator, ostrich and emu skins were compared to more traditional leathers.  Statistically, using ANOVAs 
when replications were available, significant differences for the exotic skins were studied using Bonferroni post hoc 
test because of the appropriateness for small sample sizes.  In addition, Pearson’s correlations and regressions were 
performed to correlate as many properties with to the limited size of the dataset.   
1.3 Literature Review 
 1.3.1 Leather 
Literature is scarce regarding the skins of alligator, ostrich and emu; however literature on their more 
widely used relative, leather, is more readily available.  In order to better understand leather properties, one first 
must understand its composition.  Leather is a planar material that is comprised of a network of collagen fibers that 
obey their own hierarchical order.  This order is what ultimately dictates the properties of the leather. To complicate 
matters, different regions of the skins have demonstrated differing fiber arrangements, producing different 
properties.  Chemical and mechanical treatments that leave the basic fiber structure intact yield the most desirable 
properties (Moog, 1997).   
While human skin develops from cells, leather develops from collagen fibers with a few laid-in elastin 
fibers.  The collagen fibers are what ultimately make up finished leather goods since the other components are 
removed during tanning.  Bovine leather collagen is formed from amino acids, which connect together to form 
tropocollagen long chains.  There are amino acids in the composition of bovine leather collagen in m mole/g (Lewis, 
1989).  A triple helix of 5 angstroms in diameter and 280 nm in length is formed from three molecular chains.  A 
microfibril is formed from 5 of the triple helix chains, and in turn, microfibrils connect to form a subfibril.  
Subfibrils then form fibrils of approximately 20 angstroms in diameter.  Crosslinking, both intrafibrillar and 
interfibrillar, is vital to forming a leather substrate and is made possible with arrangement of the subfibrils.  
Approximately 7000 molecular chains of tropocollagen form a bundle of about 1000 angstroms in diameter, which 
join to make the collagen fibers that are visible with the microscope.  The collagen fibers have no particular length 
or preferred direction and thus entangle to form a three-dimensional fiber network or structure (Moog, 1997).  The 
grain of leather is actually a network of finer fiber conglomerates that are densely packed, the closer to the 
epidermis, the finer the fibers.  On the flesh side, the chromium layer is comprised of larger fiber conglomerates 
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than in the grain layer.  The organizational structure of these fibrous composites is referred to as angle of weave.  
This angle does affect the properties of the leather, with larger angles yielding a firmer, more elastic, and stronger 
leather (Lanning, 2002). 
Skin will not be homogenous due to areas of tight fiber structure and areas of lose fiber structure.  On the 
surface, the papillar level or grain identifies the animal from which the skin originated and is formed from 
unidirectional fibers around the hair channels.  Layers of fibers of varying densities characterize the cross sections of 
the skin also known as the reticular layer.  Beneath the grain, the reticular layer is responsible for the colorfastness 
and formability of the leather.  The dimensions of this layer vary due to species, age, gender, breed, and location. To 
maintain fastness, extension, and adsorption properties, the fiber structure must be preserved throughout processing 
(Moog, 1997).   
Because of the unique structure of leather, photochemistry of collagen fibers is important.  In the initial 
stages of light exposure, crosslinks that inhibit elasticity may be introduced; whereas extended exposure may cause 
photodegradation.  Both of these can also have photodiscoloration, the extent of which depends on the intensity, 
frequency or wavelength of the irradiation source, temperature, humidity and atmospheric pollutants.  For any end 
use application, such as home furnishings and automotive interiors, that requires exposure to light sources, 
photodegradation is important.  Fortunately collagen fibers contain the amino acid residues that are less photoactive 
than those in wool and silk (Lewis, 1989).   
Following the skin's removal from the animal, a series of processes prepare the skin for dyeing.  These 
procedures serve a similar purpose to the textile industry's scouring, desizing and bleaching, but the leather 
procedures require longer times (Senior and Thorpe, 1994).  The first of these processes is to remove the skin from 
the animal in what is know as flaying.  The skins need to be temporarily preserved to survive transportation and 
storage by curing and then endure soaking to rehydrate the cured skin.  To open up the structure of the skin as well 
as to loosen hair, fat and flesh, liming is performed (Brown, 1994) typically by sodium sulfide or sodium 
hydrogensulfide (Senior and Thorpe, 1994).  The unwanted hair is removed in unhairing while the removal of 
unwanted fat and flesh is done in fleshing.  Splitting separates the skin into grain and flesh layers. Bating cleans and 
softens the skin (Brown, 1994), which is equivalent to desizing to break down proteins or fatty acids that remain by 
using pancreatic enzymes (Senior and Thorpe, 1994).  Tanning is a process that uses mineral, vegetable, synthetic or 
some combination thereof to transform rawhides into leather (Brown, 1994).   
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Tanning is in essence, permanent preservation by replacing non-collagen materials like proteins with a 
filler and is similar to a textile's sizing (Senior and Thorpe, 1994).  Tannage by metals typically uses chromium III, 
which leads to a very cationic material.  Because of the environmental impact of chromium III, new alternatives are 
being sought including aluminum, titanium, magnesium and zirconium singularly or in combination.  These 
alternatives create as many problems as they solve; for example, aluminum has good light fastness but poor wet 
fastness (Senior and Thorpe, 1994).  Draining removes unnecessary liquors while sammying reduces the water 
content.  The skins are adjusted to the desired substance by shaving.  Grading is done by sorting the skins by quality 
(Brown, 1994).               
In order to make the exotic skins more appealing to the fashion world, they must meet the requests for the 
spectrum of colors that are currently demanded by designers and consumers alike.  Approximately 52% of all leather 
dyeing is black, 24% are brown and the remaining 24% are other colors and that number is expected only to 
increase. One thing in leather's favor is its ability to be colored by a wide range of dyes including acid, about 70%, 
direct, about 18%, basic, disperse, sulfur and reactive the remainder.  
Leather dyers face a tremendous challenge in turning their heterogeneous skin into an even, level and on 
shade piece of textile substrate (Tremlett, 1994).  Dyeing of the skins is no easy task and the textile field is greatly 
envied for its ability to blend poor quality fibers into the fabric to produce a seemingly level dyed fabric.  
Unfortunately for leather dyers, the defects cannot be blended into the rest of the leather and must be cut out of the 
skin (Senior and Thorpe, 1994).  Not only do the defects cause nonuniformity but also the skins typically vary in 
thickness from 0.5 to 5 mm making uniform penetration particularly difficult (Brown, 1994).  All of the variations 
make it a challenge to produce skins with "strength, fastness properties, levelness, penetration, exhaustion, 
compatibility and brightness" (Tremlett, 1994, p. 220).  The type of tanning dictates the dye that will be used since 
tanning makes the skin cationic if chromium tanned and anionic if vegetable tanned.  Typical dyes include anionic 
for the chromium-tanned skins, as well as direct, metallic and basic for vegetable tanned skins (Brown, 1994).  
Trichromatic dyes are not as common as they are in the textile industry because dyers have a difficult enough time 
with the penetration of one dye along the skin much less the penetration of three.  These penetration problems can 
cause large shade variations especially if the compatibility of the dye components is uncertain.  Recent research in 
this area by Ciba has a simplified color recipe predictor while giving tanners a wider variety of colors from which 
they can choose which yields shade consistency (Tremlett, 1994).   
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Each application, such as automotive, shoe, belt, and glove, all has its own requirements, but typically all 
involve the following steps to ensure better brightness, depth of shade, and levelness.  The first is neutralization of 
the pH to between 5.5 and 6.0 at 40 C for 60 minutes. A combination of syntans and resins retan the skins "to make 
the leather round, full and tight" is applied at 40-50 C for about 120 minutes (Brown, 1994, p. 213).  Liquor ratios 
tend to be low, approximately 1:1, at low temperatures around 35 C for about 60 minutes to enhance the mechanical 
action as the second stage.  Oil is often added in the third stage at 55 C for 60 minutes to the leather to keep it soft.  
In the last stage, pH is lowered to 3.5 adding formic acid gradually for 30 minutes to fix the dye.  Most shoe and 
upholstery fabrics endure three additional stages. The first is to ensure adhesion with the use of a base coat to even 
the surface. The next stage is to disguise any blemishes with a pigment coat.  The last stage involves a protective 
topcoat where gloss can also be added.  Turning animal skin into leather can take up to two months (Brown, 1994). 
According to a study conducted by the United Nations in 1975, the leather industry is one of the oldest 
industries and an important one on a global scale.  Cowhide, sheep and goat skins comprised 90% of all six million 
metric tons of leathers produced in 1975.  Within that six million, cowhide represented five million, sheep one 
million, and goat approximately 350 thousand metric tons at the time of the study.  Leather production is fairly 
equally distributed between developed and developing countries, with the exception of Africa producing only 7% of 
the world’s leather.   There is a discrepancy between the countries having the leather stock and those that do not.  
Due to a lower rate of slaughter, 60% of cows are in developing countries, but they only produce 37% of the world’s 
hides, while developing countries produce 41% of the world’s hides.  It is estimated that India alone looses 
approximately $70 million per year because of their refusal to slaughter; 96% of India’s cows die a natural death.  
India produces only 10% of the world’s hides, despite having 16% of the world’s cows.    
As of the UN report, leather is the only end use of skins, which are used in a range of products from 
industrial belts to luxury items.  Shoes are the largest segment for leather uses, at 75%, with developing countries 
using 80 to 85% and developed countries using 50% of leather for shoes.  With the exception of Spain, Italy, and 
Portugal, shoes with leather uppers have synthetic soles.  Leather linings and insoles are also being replaced with 
synthetics at a very fast rate.  Approximately 15% of leather is used for purses, wallets, belts, upholstery and travel 
items, with synthetics creeping in, particularly in the travel market where weight is an important factor.  Luxury 
items, however, are not threatened by synthetics, since their market is one of high end products that demand quality, 
craftsmanship and price is not that important.  A segment that is predicted to be an open market for leather, 
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especially sheep and goat skins, is apparel.  Thus with proper promotion and marketing leather is poised to make 
gains in the apparel sector.   
For the most part, the leather industry remains a cottage one.  From its raw state, the stages to make leather 
add value to the skin, 10 to 15% value is added in pickling, 30 to 60% added by tanning, finishing doubles the value 
of the raw hide, and the value would double again with the production of shoes.  With 35% of hides and skins being 
exported, in 1972, exports were as follows: raw hides, $1,100 million, leather $850 million, footwear, $1,100 
million bringing the total to $3,000 million of which developing countries have about $530 million.  Historically, 
these values have been growing by approximately 2.5% per year.  
The United States and Europe, high-income countries, have a high demand of leather, with the average 
person purchasing 2 to 3 pairs of shoes annually.  With growing populations, demand follows at a rate of 
approximately 2% annually.  However, low-income populations are growing as well, and despite the weaker 
appetite for the number of shoes per year, there is still the requirement for shoes.  For example, one quarter of the 
United Kingdom’s leather use is clothing and gloves, and synthetics have little impact.   
According to the 1975 UN study, the future of leather depends on its competition with synthetics, which 
has advantages in weight, cost, and uniformity.  The disadvantages with the use of synthetics are vapor permeability, 
stretchability and moisture absorbency.  Synthetics typically cost 60 to 80% less than leathers.  Poromerics are an 
alternative to synthetics and more closely resemble leather both in appearance and properties, with manufacturers 
claiming it is stronger, more scuff resistant and crack proof.  However, compared to leather’s 1975 cost of $11 per 
square meter, poromerics’ $5 per square meter make it an attractive alternative to leather in shoe uppers.  In the 
event of a leather shortage, leather should be utilized in the high-end shoes and applications, leaving the synthetics 
and poromerics for the cheaper products.  For the industry to survive, it must hold its own in the footwear industry 
and expand into new markets like clothing and home fashion products. 
The UN study also sites scientific inquiry into the properties of hides to be an important factor in cornering 
new markets.  In order to improve the homogeneity of hides, the collagen fibers also need to be studied.  One new 
market recommended is the use of sheep skin bedding for the prevention of bedsores.  Retanning is another area 
deserving of further study, since retanning may improve perspiration staining as well as launderability.  For the 
apparel markets, colorfastness is an important property that needs investigation, as well as improving the speed at 
which hides are delivered to satisfy the whims of fashion.  Water proofing, easy care and extensibility also need to 
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be studied since synthetics are threatening (Tropical Products Institute, 1975).  With a greater understanding of 
physical properties of leather, these consumer demands can be met.   
1.3.2 Synthetic Leathers and Coated Fabrics 
Due to the competition in the leather industry from synthetics, some studies comparing the properties of the 
two have been conducted.  The results of this work have implications for the most desirable properties of leather and 
leather substitutes for a particular end use.  Synthetics, particularly poromerics, threatened the leather markets, 
particularly the sole and lining markets for some time.  In the world of athletic footwear, function was more 
important than materials used in the shoes.  To become more functional, polyurethane coated nonwovens contained 
microcapillaries to promote permeability, hence the term poromerics.  However, the nonwoven backing was not 
dimensionally stable.  For this study, a suede and an embossed grain poromeric were compared to genuine grain and 
suede leather (Merkle and Tackenberg, 1984).  To overcome the stability issues, the nonwoven was reinforced with 
a knitted structure.  The authors demonstrated mechanical properties that were affected by the type of material and 
backing used in the poromerics.  For example, hand and flexibility were improved by the use of polyurethane. The 
reinforced nonwovens enjoyed a strength increase, and also increased dimensional stability.  Micrographs portray 
the multidirectional nature of the knitted reinforced nonwoven backing.  Colorfastness tests were performed, in 
particular wet and dry crocking, indicating the superior performance of the poromeric materials when compared to 
the genuine leather samples.  Results of this study showed genuine leathers were stronger than the poromerics, but 
less extensible (Merkle and Tackenberg, 1984).  In another study comparing poromerics to genuine leather, the 
flammability of poromerics was inferior to that of leather (Bailey et al., 1984). 
For automotive applications, physical properties of car seat material are very strict.  A highly entangled 
nonwoven fabric of polyester microfibers, impregnated with a polyurethane resin with micro-pores was studied 
(Tanaka and Tanaka, 2000).  This material not only more closely resembled natural leather, but provided a wide 
range of color possibilities, maintained a soft hand, and uniformity and a light weight that was not matched with 
natural leather (Tanaka and Tanaka, 2000). 
1.3.3 Exotic Skins 
From 1967-87 the American alligator, member of the crocodile family, was listed as endangered or 
threatened, but the species has rebounded enough to sustain a controlled hunt of 25,000 alligators per year in the 
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state of Louisiana.  Alligator farming, popular since the 1980s, has become prevalent.  Farmers lease a parcel of 
marsh, hunt for the eggs using helicopters and portable global positioning systems, and return 14% of their 
hatchlings back into the wild.  Survival rates of alligators born in the wild are only 10 to 20%, whereas survival rates 
on farms are 80%.  In fact, it is estimated that there are 400,000 more alligators in the wild now than in 1986 when 
the program of harvesting for population management began (Kuriloff, 2002).  In the wild, alligators can grow 
anywhere from 6 to 20 feet in length, but farm raised animals are only allowed to grow 5.5 feet in length.  Farmed 
skins are typically considered to be of better quality than wild skins.  In 2001, there were about 150 alligator farms 
operating in Louisiana and Florida with more than 250,000 alligators.  Because of this sustainable and substantial 
availability of alligator skins, diversification and expansion of markets for alligator leather goods is a logical next 
step.  According to Louisiana Wildlife and Fisheries figures for 1998, 105,000 farm-raised alligator skins were sold 
for their meat, skins and various other parts for novelty items.  The market for American alligator skins was on the 
rise due to a then healthy economy providing an appetite for luxury items.  Because of the increased demand, the 
price for alligator skins had risen about $6 per foot compared to 1999’s figures, and now ranges from $22 to $32 per 
foot.  As reported by the Louisiana Department of Agriculture, exports also rose to their highest point in 1999, to 
184,000, of which the state of Louisiana is responsible for approximately 70% (Swerczek, 2000).  For example, one 
leased parcel of land from one farming operation can expect upwards of $1 million per year.  This particular 
company controls nearly 40% of the estimated $25 million per year generated by such activities for which 63 other 
companies are vying.  This successful company is also the largest producer of alligator products in the United States, 
which claims demand is still greater than supply (Kuriloff, 2002). 
Emus, from the larger family known as rattites, are large, flightless birds originally from Australia that 
adapt to a wide range of climates and do not require large areas of land. There are approximately 8,000 farms 
containing 3.5 million birds throughout the United States. Typically, emu are 80 to 135 lbs in weight, 5 to 6 feet in 
height, and raised for their meat and oils (Davis World Wide Emu Page, 1998).   
Ostriches are also ratites are native to Africa, and typically weigh 150 to 330 pounds and can be to 9 feet in 
height, making them the largest birds in the world (Sell, 2002).  An ostrich hide can produce 10 to 12 feet of leather, 
has a unique quill pattern and is very supple rendering it an ideal leather for apparel and accessories (American 
Ostrich Association, 2002).  
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1.3.4 Image Analysis 
Image analysis has been versatile in measuring various properties in the textile world.  In nonwovens, pore 
sizes, as well as structural parameters of individual fibers and fiber bundles have been successfully measured with 
this technology (Xu, 1996).  Quality control specifications for yarn and fabric density, yarn configuration and the 
knit geometry were checked by image analysis (Zhang, 1996).  The composites industry used image analysis to 
study the fiber breakage in some injection molded plastics (Shortall and Pennington, 1982).  It involves capturing an 
image, digitizing it into a readable form for a computer and then utilizing software to measure various visual aspects 
of the image from color differentials, to counts to shapes. 
Color measurements have also been enhanced by image analysis.  For cotton and wool blends, color 
uniformity was often difficult to achieve and to quantify.  In this research the Union Shade Index was developed to 
measure the level and union shades through the linear relationship of the mean of the gray values of the image 
histogram and the colorimetric lightness.  Histograms proved particularly helpful in painting a picture of the true 
quality of the cotton wool blends.  Level dyed fabrics produced symmetric histogram while unlevel dyed fabrics had 
the opposite.  Image analysis techniques like theses provided objective measurements regarding the quality of 
dyeing of blends and can also be configured on line (Cardamone and Marmer, 1997).   
Because abrasion resistance is visually unappealing, it is an important property to measure.  Abrasion 
resistance is also a property that can be measured by color differentials determined with image analysis. Image 
analysis measures color in three dimensions: red, green, blue (RGB); hue, saturation, value (HSV); and luminance, 
in phase and quadrature (YIQ).  Used in many color monitors and cameras, the RGB model uses the primary colors 
as axes in a Cartesian coordinate system.  The measurement of a color is determined by its coordinates of red, green 
and blue.  The HSV three-dimensional color model measures hue, the dominant wavelength corresponding to a 
particular color.  Hue typically describes the common reference to color, such as pink, purple, or blue.  Saturation 
indicates the presence of hue in the color; with no saturation there are only shades of gray.  Value refers to the 
lightness or darkness of a color (Color Principles, 2002).  YIQ translates the RGB model for use on television 
screens via a matrix.  Luminance, Y, refers to the black to white television and is most sensitive to the eye.  In 
phase, I, is the red minus the luminance or the position along the red-orange axis. Quadrature, Q is the blue minus 
the luminance, approximately orthogonal to I, and is the least sensitive to the eye (Color Models in Video, 2002).   
  
 
11
As part of the grading process, cotton has traditionally been evaluated for trash content and color through 
the eyes of trained classers.  In order to automate this aspect of classing, image analysis was employed to measure 
these properties, filling the void of the colorimeter that only determined the average color of a sample.  Trash 
particles had the potential to alter the color of the cotton as measured by the colorimeter, whereas image analysis 
measured the size of a particle as well.  The pixels of the image could have been translated into red, green and blue, 
which correlated to the data storage, as well as hue, saturation and value, which correlated to visual perception (Xu 
et al., 1997).  When compared to High Volume Instrumentation (HVI) color values, classing was more accurately 
predicted through the use of redness, trash, and variation in yellowness measurements as based on color standards 
measured by image analysis (Duckett et al., 1999).   
Weave and color patterns of fabrics can also be identified by image analysis with the use of both 
transmitted and reflected images.  Yarn size can be measured through the differences in gray levels and the 
intersection of yarns can be measured in the transmitted images.  Colors and positions of yarns are measured in the 
reflected images.  For colors difficult to differentiate between, hue, saturation, and value measurements can be used 
for comparisons (Kang et al., 1999).  Thus, image analysis successfully automated an inspection process that relied 
on trained technicians.  
Image analysis proved a useful tool for investigating the relationship between mechanical properties and 
type of failure of four types of yarns.  Whether fiber slippage or breakage predominated, image analysis 
demonstrated that for ring spun yarns, failure occurred in the narrowest section of the yarn (Cybulska et al., 2001).               
1.3.5 Near Infrared Spectroscopy 
The variety of measurements conducted by near infrared spectroscopy (NIR) in the textile realm makes it 
an attractive measurement method.  It is fast, easy, reliable and non-destructive.  In textiles, NIR has proven itself a 
valuable alternative to many traditional, time consuming, expensive and destructive methods.  Utilizing the 
absorbance spectra generated in the NIR wavelengths, 1100 to 2500 nm, correlations can be made between certain 
wavelengths of the spectra and a measurable property.  NIR is only as good as its reference method; as long as the 
standard testing technique is adequate, NIR will be able to predict it with precision.  Once the spectra have been 
generated, mathematical calculations such as principal component analysis and partial least squares regression can 
correlate the desired properties (Montalvo and Von Hoven, in press).  
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NIR has proved an effective means of extracting a wide variety of information from cotton fibers in a rapid, 
accurate, reliable, nondestructive way.  It has played a major role in quantifying insect sugar content of fibers 
(Brushwood and Han, 2000) and trash content of cotton fibers (Taylor, 1996).  NIR has helped identify fiber damage 
caused by specific dyes (Bachmann et al., 2000) and has assisted with the blending of recycled fibers by correctly 
identifying them (Thiemer, 2000 and Leonard et al., 1998).  NIR has also been used to detect changes in water status 
of cotton fibers (Wanjura et al., 1999) as well as measuring cotton fiber moisture’s impact on strength (Knowlton, 
1996).  In fact, the use of NIR has been used to classify cotton fiber properties (Thomasson and Shearer, 1995) and 
has been successful in simulating the ability of cotton to be processed (El Mogahzy et al., 1998).  White specks have 
also been predicted with NIR (Buco et al., 2001). 
 Fiber wax content is essential for the survival of fibrous structures through the stresses of fiber and yarn 
processing as well as possibly contributing to fiber strength.  Using a circular area of 40 mm, the leading varieties of 
cotton were analyzed by NIR and by traditional methods for wax content, Soxhlet extractions with alcohol.  A high 
correlation between NIR and the wax content, R2 = 0.92, was revealed, as well as that wax content is variety 
dependent.  In addition, NIR was also able to detect that the cottons experienced a more than usual amount of 
rainfall as was reflected in the small amount of extractible material (Taylor and Godbey, 1997).  Because of the 
success at measuring wax content with NIR, wax content and fiber surface cohesion are used in the authors’ ‘fiber 
processing propensity’.  This measure is designed to predict the ability of cotton fibers to endure the rigors of being 
formed into yarns and fabrics, which is insufficiently predicted with traditional fiber properties such as fineness, 
length and strength.  Typically, the greater the wax content, the easier the fibers will be to process, thus explaining 
the relationship between wax content and yarn and fabric strength.  In addition, the greater wax content should result 
in more tear resistant fabrics (El Mogahzy et al., 1998). 
A variety of cotton fiber properties as measured by HVI were correlated to NIR spectra (Thomasson and 
Shearer, 1995).  Cotton quality is a crucial element at the gin, which is often one of the more difficult areas of textile 
processing to take measurement.  NIR provides an easily maintained alternative to the standard trashmeter requiring 
calibrations every four hours.  Using thirteen NIR wavelength ratios, NIR correlated well to a variety of properties 
measured by HVI: micronaire, R2 = 0.96, reflectance, R2 = 0.88 and yellowness R2 = 0.85.  Other vital fiber 
properties were correlated to a lesser extent:  length, R2 = 0.79, strength, R2 = 0.73, length uniformity, R2 = 0.67, and 
trash content, R2 = 0.6.  When looking at classification data, discriminant models were able to categorize cottons 
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with good correlations: color grade, R2 = 0.93, cotton source, R2 = 0.93, combination of number of lint cleaners and 
cotton source, R2 = 0.91 and color grade quadrant, R2 = 0.7.  Because of the high correlations to both the fiber 
properties as well as the categorical data, NIR has great potential to be utilized at the gin (Thomasson and Shearer, 
1995).  
 Despite advances with the use of image analysis to quantify the amount of trash present in cotton fibers, 
bark and grass particles are still analyzed visually (Taylor, 1996).  NIR has been used in an attempt to differentiate 
between the types of trash in bale samples.  Two cottons, a white and a yellow as determined by a 
spectrophotometeric measurements, were used.  Added to the cottons were brown and green grasses as well as bark 
trash particles that were laboratory dried.  NIR was used to measure particle reflectance of the grasses and the bark 
in both the white and yellow cotton.  Unfortunately, since bark spectra fell between green and brown grasses for 
both the white and the yellow cotton, NIR was not able to distinguish between bark and grass trash.  To make 
matters more difficult, through all wavelengths in the near infrared region, the contrast between the particles was 
very low (Taylor, 1996).   
Sugars, as caused by insect honeydew, present on cotton fibers cause several processing problems in the 
gin and in the mill as well.  NIR testing is a fast, accurate, nondestructive means of measuring the sugar content of 
cottons when compared to the standard Fiber Contamination Tester and the High Speed Thermo-detector.  For this 
research, two types sugars, a disaccharide trehalulose, found on cotton contaminated by whiteflies, Benesia Tabi, 
and a trisaccharide, melezitose, found on cotton contaminated by whiteflies and aphids, Aphis gossypii, were used to 
contaminate one sample of upland cotton.  Relating the NIR spectra to the HPLC sugar concentrations, with all 
moisture levels included, the prediction was successful in 89.2 % of the cottons.  When four moisture levels were 
identified, the prediction rate increased to 100%.  Thus, to fully utilize the capabilities of NIR on the prediction of 
sugar content, it is imperative to know the moisture content prior to testing. (Brushwood and Han, 2000).     
 In earlier research, NIR spectra gathered on sugar-contaminated cottons were compared to the Perkins’ 
manual procedure for reducing sugars.  A regression model containing only four wavelengths that produced the 
greatest separation between cotton, glucose, fructose and a mixture of the two sugars was generated, R2 = 0.98 
between Perkins’ model reducing sugars and NIR spectra (Ghosh and Roy, 1988). 
White specs are tiny clumps of immature cotton fibers that do not accept dye and appear as undesirable 
surface impurities on finished fabrics.  Buco et al. (2001) conducted a feasibility study to determine if these 
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properties could be rapidly measured in the ginned cottons by reflectance spectroscopy.  The reference methods used 
were image analysis of blue dyed fabrics on 5" x 5" fabric for % white area and AFIS for short fibers weight and 
count.  A set of 94 samples, were analyzed on the NIR HVI.  The principal components regression calibration R2 
reported is % white specs area, 0.836; short fiber weight, 0.890; and short fiber count, 0.918.  These results 
demonstrate these fiber properties can be predicted by NIR.   
One of the major factors contributing to cotton production is the amount a crop is watered, known as water 
status.  In order to quantify this, leaf water potential sensitivity is measured and serves as a management tool in the 
farmer’s arsenal.  Traditional leaf water potential measurements are tedious and time consuming.  One indicator of 
water status, the difference in canopy temperature, was defined as the time the temperature exceeded 28 C in one 
day and was recorded with the use of infrared thermocouples.  The more dehydrated the plant, the higher the canopy 
temperature.  Analysis by NIR served as another indicator of water status.  After an initial irrigation period, an 
experiment was conducted in which one sample received a low watering followed by a high watering while another 
sample received a high followed by a low watering.  The first situation was referred to as relieved water stress, while 
the other was referred to as induced water stress.  Results comparing a noted change in water status as detected by 
leaf water potential, canopy temperature and NIR produced differences.  NIR measured the change in relieved water 
stress and induced water stress after eight days, four days by canopy temperature and three days by leaf water 
potential measurements (Wanjura and Upchurch, 1999). 
With its learning capabilities, a neural network, which does not require calibrating, was paired with a 
NIRSystems 6500 generating the spectra of 390 fabric samples of 17 fiber types.  The 17 fiber types became the 
output nodes with the 700 absorbance wavelengths as input and 21 hidden nodes.  No second derivatives of the 
spectra were used because of the heightened noise.  Absolute values of the spectra were used and the mean spectra 
subtracted to better enhance differences.  Multiple networks were found to generate the highest confidences in 
distinguishing different fibers, first a general classification to more specific networks to differentiate between similar 
fibers like cotton and linen.  The neural network was successfully trained to distinguish the 17 fiber types as a 
reference, as well as to detect blends of cotton, linen and rayon (Jasper and Kovacs, 1994).   
Similar work was carried out by Thiemer, utilizing a neural network with several learning stages to 
correlate with NIR spectra to assist with fiber discrimination.  The neural network utilized 40 input, 9 output and 15 
hidden neurons to accomplish its learning of nine different fibers and blends.  Fast line sensors were used in 
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conjunction with the NIR to recognize acrylic, cotton, elastane, linen, polyester, nylon, silk, viscose and wool.  It is 
believed that with additional training, the network can identify more complex blends (Thiemer, 2000). 
Fiber composition of yarns has also been accomplished using NIR on five cotton polyester blends.  The 
NIR was calibrated using 30 samples that had been drawn in duplicate and triplicate and spun into open end yarns.  
To test the calibration, yarns subjected to one pass at the drawing frame had spectra gathered at 4 different 
orientations and averaged at each wavelength.  The NIR spectra were compared to the chemical analysis as 
determined by the AATCC method with a correlation R2 = 0.999 at wavelengths 546, 1790, and 1650 nm (Tincher 
and Luk, 1985).   
Textile finishing is an important step in preparing fibers for the rigorous processing procedures.  Finishes 
are mainly used to reduce the effects of friction and static, however if not properly applied, can cause additional 
processing problems.  The quality of fiber finishes is determined in three distinct ways by composition, 
concentration and turbidity.  X ray fluorescence is measures solution composition, while concentration is measured 
gravimetrically and turbidity is measured by the Hach method, all of which are time consuming.  Measuring all 
properties at once is an attractive feature of NIR, as long as all three properties correlate with the spectra.  For the 
concentration of the finishes, the gravimetric data correlated well with the NIR spectra, R2 = 0.99 for each finish, 
based on 20 replications for each method per finish.  During the course of compositional analysis, one of the finishes 
had a higher level of sulfur as NIR spectra correlated well with X ray data.  Turbidity, as determined with the Hach 
turbidimeter correlated to the NIR spectra for one of the finishes while the other two that did not have good 
correlation perhaps due to the difference in optical path length.  The Hach turbidimeter has a pathlength of 25 mm, 
50 times greater than that of the viscous sample cell, which becomes more prevalent at lower turbidities.  
Qualitatively categorizing the finishes can be achieved using discriminant analysis in conjunction with the 
wavelengths that exhibit the greatest deviation in absorbance between finishes.  Based on this research, NIR analysis 
is a promising technique to evaluate the quality of finishes quantitatively in one test rather than in three and 
qualitatively as well (Rodgers, 1994). 
1.4 Experimental Methods 
All of the skins were measured and visually assessed prior to testing.  Due to the expense and size of the 
leathers, the following tests were performed as sample size permitted.  Testing was conducted in such a manner as to 
generate the most complete dataset possible for each leather.  In addition, all leather samples were conditioned 72 
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hours prior to testing at 20o C and 65 % relative humidity as per ASTM Standard D1610.  ASTM Standards and 
AATCC Test Methods were followed as much as possible and any deviations were noted. 
1.4.1 ASTM Textile Testing, Volume 7.01 Textiles – Yarns, Fabrics and General Test Methods, 1995, 
Volume 7.02, Fibers, Zippers, 1995 
 
The thickness of each sample prior to being tested was recorded in accordance with Standard D1777.  The 
stiffness of the skins was determined by the cantilever method in Standard D1388 for both the right side and wrong 
side of the skins on 2.5 by 15.24 cm specimen.  To evaluate testing strength, Standard D2261, the tongue tear 
method was used.  In this test, two tongues of 1.27 cm width leather samples were placed in opposite jaws and 
pulled apart.  Abrasion resistance, another important parameter, was tested following Standard D3884 requiring five 
samples of 15.24 cm squares.  For the synthetic leather used in preliminary studies, 200 cycles were needed to cause 
visible abrasion.  The samples are weighed before and after testing and the % weight loss calculated.  Image analysis 
was also employed to quantify the abrasion resistance based on the change of color of the abraded region.  The more 
abraded the sample, the greater the color change. 
1.4.2 AATCC Textile Testing, Technical Manual, 1996 
The American Association of Textile Chemists and Colorists have a variety of textile tests that can be 
modified for leathers.  AATCC Test Method 8 described the crocking colorfastness test, which can be performed 
under wet or dry conditions on dyed skins. This test method describes how the colored textile fairs during rubbing.  
Both the skin and rubbing cloth were evaluated with the AATCC Gray Scale for color change, ISO R 105/I Pt. 3.  
The effect of dry-cleaning was determined according to AATCC Test Method 132, at 30oC.  Because apparel 
applications may place the skins in contact with other fabrics transfer of color to other of various fiber types was 
evaluated with a multifiber strip containing acetate, cotton, nylon, polyester, acrylic and wool.  The fibers of the 
strip were evaluated with the AATCC Gray Scale for color change, ISO R 105/I Pt. 2.  
1.4.3 Additional Textile Testing 
Fabric hand is an important parameter for apparel applications.  Low stress mechanical properties that 
affect fabric drape and hand are measured using Kawabata Hand Evaluation System (KES), which was 
nondestructive and required 20 cm by 20 cm samples.  There are four Kawabata machines performing five tests.  
These tests include bending, shearing, tension, compression, and surface roughness.  Bending and shearing are 
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helpful measures for drape of both apparel and home textile applications.  Compression is a measure that will also 
be helpful with upholstery applications.  Collectively these measurements indicate the drape of the skins (Kawabata 
and Niwa, 1989).  Obviously, the surface of these skins was rough and inappropriate for this application.  Because of 
the thickness of the skins, shearing and bending tests could not be conducted with KES.  The Qtest, developed at 
Louisiana State University, was used to measure bending properties, but shearing properties could not be measured 
due to the thickness and structure of the skins (Chen, 2001). 
1.4.4 ASTM Leather Testing, Volume 15.04, Soap; Polishes; Leathers; Resilient Floor Coverings, 1997   
Some of the leather testing overlaps textile testing, with some tests requiring different specimen sizes.  For 
most cases, the leather tests call for only one sample with no repeat tests.  Thickness was measured on each 
specimen as per Standard D1813 and for Standard D1777 in the textile tests.  For the leather, the breaking load test 
called for a 15.24 by 2.54 sample in the grab test performed on the tensile tester for Standard D2208.  In Standard 
D2209 used a dog bone shaped sample, with the thinnest portion, 1.27 cm in width.  Tensile tests were performed to 
indicate the quality of the leather.  If lubricated properly and not degraded the tensile strength would be high.  The 
origin of the specimen from the skin will have dramatic effects on the tensile strength.  Thus, specimen should be 
taken from the portion of the skin to be utilized for a certain enduse.  Colorfastness during laundering was 
determined by Standard D2096 to indicate if the dyed leathers will have their color easily removed.  This is 
particularly important for leathers to be used in apparel as well as for upholstery.   
1.4.5 Scanning Electron Microscopy 
The different regions of the skins were studied at high magnification (5000x) and at low magnification 
(100x and 300x) on a Hitachi 510 Scanning Electron Microscope to further characterize the structure of the skin.  
Several samples of each skin were studied under the microscope.  The areas depicting typical areas were printed into 
photomicrographs.   
1.4.6 Image Analysis 
To characterize the appearance of the emu skins, image analysis was performed using Optimas 5.2 
software.  A dual monitor set up was used to simultaneously study the analysis and the original sample.  A 
Microimage Video Systems RGB/YC/NTSC color camera was used to extract the image.  The camera was placed 
approximately 18 inches above the fabric sample and set at an F-stop of 4.  Four tungsten 120 V 300 W flood 
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photography lights were used for better uniformity of the lighting on the leather. These lamps were placed twelve 
inches on either side of the camera and eleven inches above the skin surface.  The characteristic quills of the emu 
skin were measured to classify the skin. 
Abrasion resistance testing was conducted as per ASTM Standard D3884-80 with 250 cycles of abrasion 
during testing.  Since some of the samples did not lose weight, probably because of disintegration of the abrading 
wheel, another measurement was needed.  Because abrasion is visually unappealing, image analysis was a logical 
choice.  Using an Argus Agfa II scanner at 600 lines per inch, in reflectance mode, the skins were converted to a 
digital format.  To evaluate the color change, ImagePro software was used and 220 pixels were evaluated in both the 
abraded and non-abraded regions of the samples.  Since the skins were different colors, each region of the sample 
was evaluated for differences in red, green and blue, also hue, saturation and value, as well as luminance, in phase 
and quadrature.  Each of the three types of measurements was evaluated for statistically significant differences 
between the abraded and non-abraded regions of the skin.  To assess the validity of the measurements, a three person 
panel ranked the skins by visual appearance from the least abraded to the most abraded.   
1.4.7 Near Infrared Spectroscopy 
Because of the success in textile applications, NIR spectra were generated with a NIRSystems Model 6500 
spectrophotometer.  Each skin was placed under and off-center to a 12.7 cm diameter rotating sample cell, 2.2 rpm, 
against the quartz window and 32 scans were taken during one revolution of the sample cell.  Two spectra 
representing a total of 103 sq. cm were scanned for each sample and averaged to yield a single value for each skin.  
Partial least squares analysis was used to correlate the NIR absorbance spectra at specific wavelengths with tensile 
and bending properties. 
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CHAPTER 2.  DETERMINATION OF TESTING TECHNIQUES TO DEFINE TEXTILE PROPERTIES OF EMU SKIN* 
 
2.1 Introduction  
Exotic skins and leathers have enjoyed a recent resurgence, as current fashion magazines illustrate.  
Louisiana would like to increase its niche in the exotic skins market by increasing alligator and emu skin usage, 
mainly by inspiring designers to incorporate them into their repertoire.  The possibilities are endless from apparel 
and trim to upholstery and other home furnishings to accessories; Louisiana exotic skins have market potential.  
Emus, also known as rattites, are large, flightless birds originally from Australia that adapt to a wide range of 
climates and do not require large areas of land.  There are approximately 8000 farms containing 3.5 million birds 
throughout United States.  Typically, emu are 80 to 135 lbs in weight, 5 to 6 feet in height, and raised for their meat 
and oils (Davis World Wide Emu Page, 1998).  Emu, like other leathers, is a planar material that is comprised of a 
network of collagen fibers that obey their own hierarchical order (Moog, 1997).  This order is what ultimately 
dictates the properties of the leather. Chemical and mechanical treatments in conjunction with maintaining fiber 
structure yields desired properties (Moog, 1997).   
In order to encourage emu skin usage, subjective attributes of the skin should be translated into physical 
properties.  The goal of this research was to identify testing methods and techniques that yield physical properties to 
establish a meaningful database from which appropriate textile end uses can be recommended.  For apparel 
applications, it is important to study the behavior of the skin in contact with other fabrics.  Laundering and dry-
cleaning tests were performed with a fabric containing strips of various materials that to see if any discoloration 
occurred.   
Drape is another important property that dictates how a material will behave in apparel and upholstery 
applications.  Stiffness testing is an indicator of drape, which can also be measured using the Kawabata KES system 
including bending, compression, tensile and shear tests.  For upholstery applications, it is important to see how the 
emu skin reacts when rubbed, thus wet and dry crocking tests were performed.  Abrasion resistance is also important 
for upholstery applications and was studied employing image analysis to assess abrasion.  Constant rate of extension 
tests such as tensile and tear testing evaluated the physical properties of the emu skin, which are important to all 
traditional textile applications. 
*Reprinted by permission of the Journal of the American Leather Chemists Association 
  
 
20
2.2 Material and Methods 
One chromium tanned emu skin was subjected to a series of textile and leather tests.  The emu skin, 
approximately 1.15 meters in length and 0.76 meters in width, was visually assessed.  Samples were removed from 
the back region (Sample 1) and from the belly region (Sample 2).  For some tests, samples were removed from both 
the back and belly regions along the length of the skin (L) as well as along the width of the skin (W).  Due to the test 
size of the samples and the size of the skin, multiple replications were not possible. 
2.2.1 Scanning Electron Microscopy 
The different regions of the skin were studied at high magnification (5000x) and at low magnification 
(100x and 300x) to further characterize the structure of the skin on a Hitachi 510 Scanning Electron Microscope.  
Both the grain and flesh sides were studied as well as the cross sections of the skins.  Several different samples from 
the different regions of the skins were studied, while each sample was thoroughly examined in the microscope.  
Areas depicting the typical appearance of each sample were developed into photomicrographs. 
2.2.2 Image Analysis 
Image analysis was used to characterize the appearance of the skin, and to measure abrasion resistance.  
Using Optimas 5.2 software on a Gateway 2000 P5-120 computer with a dual monitor set up consisting of a Sony 
Trinitron RGB Monitor and a Microimage Video Systems RGB/YC/NTSC color camera, images were extracted.  
The camera was approximately 46 cm above the sample illuminated by four tungsten 120 V 300 W flood 
photography lights placed 30.5 cm on either side of the camera and 28 cm above the fabric surface.  By measuring 
the areas of the quill holes of the two regions, the different parts of the skin were quantified.  The area of the darker 
quill holes was measured as a ratio of the quill area to the total area being studied yielding a % Dark.  The total area 
being studied, the region of interest was 30.5 square cms.  For abrasion resistance testing, the 15.25 cm by 15.25 cm 
sample was analyzed in 7.6 cm by 7.6 cm quadrants measured before and after abrasion testing. 
 2.2.3 ASTM Textile Testing, Volumes 7.01 and 7.02 
The thickness of each sample prior to being tested was recorded in accordance to Standard D1777-64 using 
a micrometer.  The stiffness of the skins was determined by the cantilever method as described in Standard D1388-
64 for both the grain and flesh side of the skins requiring four 2.5 cm by 15.25 cm samples cut from the back and 
belly regions of the skin.  Abrasion resistance was tested following Standard D3884-92 requiring a sample of 15.25 
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cm by 15.25 cm with 250 cycles.  Percent weight loss was calculated to assess abrasion resistance.  Image analysis 
quantified the abrasion resistance based on the change of color of the abraded region; the more abraded the sample, 
the greater the color change.  
 2.2.4 AATCC Textile Testing 
AATCC Test Method 8-1995 described the crocking colorfastness test, which was performed under wet 
and dry conditions on emu skin. This test method describes how the colored textile fairs during rubbing.  Twenty 
cycles were used to rub the sample with a dry and wet cotton cloth with the AATCC crockmeter.  Color change of 
the skin and of the rubbing cloth was evaluated by the Gray Scale for evaluating color change, ISO R 105/I Pt. 3.  
AATCC Test Method 132-1993 was used to determine the effect of dry-cleaning on the emu skin and on a 
multifiber strip.  The strip simulated the behavior of the skin in contact with acetate, cotton, nylon, polyester, 
acrylic, and wool that may make up a product, as well as how the skin will behave during treatment.  The color 
change of the skin was evaluated using ISO R 105/I Pt. 3 while the fiber strips were evaluated using the gray scale 
for evaluating staining, ISO R 105/I Pt. 2.  The scale is from 1 to 5 with 5 indicating no change and 1 indicating 
drastic change.  The test was performed in an Atlas Launder-Ometer as per AATCC Test Method 132-1993. 
 2.2.5 Additional Textile Testing 
As mentioned, drape is an important parameter for the skins when used for apparel.  Drape was measured 
with Kawabata Evaluation System (KES) for Fabric.  KES is nondestructive testing requiring 20 cm by 20 cm 
samples for analysis.  There are four Kawabata machines that perform five tests.  These tests include bending, 
shearing, tension, compression, and surface roughness.  Bending and shearing are helpful measures for both apparel 
and home textile applications.  Compression is a measure that will also be helpful with upholstery applications.  
Collectively these measurements indicate the drape of the skins.  Obviously, the surface of these skins was rough 
and therefore the surface roughness test was inappropriate for the skin.  For the shear, tensile, and bending tests, the 
skin was tested in two directions at 90o from each other in length and width, like the warp and filling of a fabric. 
 2.2.6 ASTM Leather Testing, Volume 15.04  
Some of the leather testing overlaps the textile testing however, some tests require different specimen sizes.  
Thickness of each specimen was measured as per Standard D1813-70 and for Standard D1777-64 in the textile tests.  
The following tests were performed on the Instron Corporation Series IX Automated Materials Testing System at 
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254-mm/min constant rate of extension.  The slit tear test required a 2.5 cm by 5 cm sample with a slit cut in the 
center as per D4704-93 to determine the resistance of the cross sectional thickness to tearing.  For leather, the 
breaking load test called for a 15.25 cm by 7.6 cm samples in the grab test performed on the Instron for Standard 
D2208-95.  The tensile strength of the emu skin was determined by Standard D2209-95 using a dog bone shaped 
sample.  Tensile tests were performed to indicate the quality of the leather.  If lubricated properly and not degraded, 
the tensile strength of the skin will be high.  The origin of the specimen from the skin will have dramatic effects on 
the tensile strength.  The skin was tested in two directions at 90o from each other, like the warp and filling of a 
fabric.  Thus, at least 3.8 cm by 15.25 cm samples should be tensile tested from the portion of the skin to be utilized 
for a certain end use.   
Colorfastness due to laundering, as determined by Standard D2096-93, indicates if the treated leathers 
change color.  This is particularly important for skins to be used in apparel as well as for upholstery.  A multifiber 
strip, containing acetate, cotton, nylon, polyester, acrylic and wool was used to study the effect of the skin on a 
variety of fabrics.  
 2.2.7 Viscoelasticity Testing  
In order to study the viscoelastic behavior of the skin, a dynamo-mechanical spectrometer (Seiko DMS 
200) was used to measure the phase shift between the applied force and the response strain on skins sampled from 
different regions of the animal.  The analysis was performed on both dry and wet samples. Important parameters 
determined by dynamic mechanical analysis, DMA, included the storage modulus, E’ (i.e., the real part of the 
complex modulus of elasticity, E*), the loss modulus, E’’(i.e., the imaginary part of E*), and the tangent of the shift 
or loss angle, tan ä.  In this analysis a sinusoidal stress was applied to the sample while the response was measured 
as a function of frequency ranging from 0.2 Hz to 50 Hz over a temperature range of -40 to 100 C.  Semicrystalline 
materials experiencing thermal transitions do not have smooth curves. 
2.3 Results and Discussion 
Upon inspection, the skin was quite heterogeneous in appearance.  The back region, near the center, was 
stiff with the quills raised and far apart in diagonal lines.  The belly region, near the edges of the skin, had more give 
and appeared to have stretch marks.  The quills were smaller and closer together but still appeared in diagonal lines 
(Figure 1).  Since this is preliminary research to identify test methods to derive the textile properties of exotic skin, 
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the results of the tests discussed here are presented for future comparisons with other skins.  Also discussed are the 
desired results and the meaning of the data. 
2.3.1 Scanning Electron Microscopy 
Different regions of the skin were studied at high magnification (5000x) and at low magnification (100x 
and 300x) to further characterize the structure of the skin on both grain and flesh sides.  Cross sections of the 
different regions of the skin were also studied.  For all samples, the grain side appeared the same as shown in 
Figures 2a and b at 100x and 5000x respectively, however, it was the flesh side that demonstrated differences.  For 
all samples, the flesh side appeared to be a series of layers of fibers forming a network.  The belly region displayed 
an organized textile structure of fibers that almost appeared woven as seen in the flesh side, Figure 3a and cross 
section, Figure 3b.  This fibrillar organization contributed to the extensibility of this region of the skin.  The back 
region, Figure 4a, demonstrated a fairly organized layer of fibers while the cross section appeared almost as a textile 
structure, Figure 4b and at high magnification, they appeared to be composed of fibrils as shown in Figure 4c.  
2.3.2 Image Analysis 
Image analysis was used to characterize the appearance of the emu skin since the weight loss method did 
not work.  The abrading medium deteriorated and caused weight gains.  The samples were quantified by measuring 
the size and quill areas of the different regions.  The area of the darker quill holes was measured as a ratio of the 
quill area to the total area being studied yielding a % Dark.  As part of a measure of abrasion resistance, image 
analysis measured the same sections of the skin after the abrasion test had been performed.  An abraded sample is 
shown in Figure 5.  This method was preferred to the weight method since the samples actually gained weight after 
being abraded, which was unexpected.  After testing, the % Dark values decreased, which was expected, since the 
abrasion testing actually removed the dark color of the quill holes.  For Sample 1, the average decrease was 25.3% 
in % Dark values; for Sample 2, a 41.2% decrease was seen. Sample 2 had smaller quill holes that were denser in 
population, compared to the larger, more spread out quill holes of Sample 1, which probably contributed to the 
larger decrease in % Dark of Sample 2.  
 2.3.3 Textile Testing, ASTM Volumes 7.01 and 7.02 
Stiffness ASTM Standard D1388-64 measured flexural rigidity using Option A, cantilever method, with 
samples from various parts of the skin corresponding to Sample 1, back, and 2, belly locations.  The test was 
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performed on both the grain and flesh sides and the results were averaged.  In addition, samples were removed from 
both regions along the length of the skin, noted with L as well as along the width of the skin, noted as W.  Sample 1 
L, had the dramatically highest flexural rigidity followed by Sample 1 W, Sample 2 W, with Sample 2 L having the 
lowest rigidity. The relatively uniform thickness of Sample 1 L contributed to its much higher rigidity.  For both of 
the width samples, the thickness was not as uniform as in the length samples. Sample 1 was thinner at both edges 
while Sample 2 was thinner at one end.  These results correlated to the findings of the bending stiffness of 
Kawabata. 
 2.3.4 AATCC Textile Testing 
AATCC Test Method 8-1995 described the crocking colorfastness test, which was performed under wet 
and dry conditions.  This test method describes how the colored textile fairs during rubbing.  The skin itself did not 
have any color change, but the dry rubbing cloth had a median color change.  Wet crocking produced a fairly 
dramatic color change on the rubbing cloth.  In AATCC Test Method 132-1993, the effects of dry-cleaning on the 
emu skin were determined.  The interesting result was that the quills of the skin lost their color in dry-cleaning.  
Tanned emu skin moderately stained acetate and wool while staining cotton and nylon to a slightly greater extent.  
This indicates that if a designer wished to use emu with any of these fabrics, a finishing technique beyond tanning 
may be necessary.  The skin and the multifiber strips were also shown in Figure 6. 
 2.3.5 Additional Textile Testing, Kawabata Evaluation System 
According to Kawabata, there are two segments required to evaluate materials to be used as garments 
(Kawabata and Niwa, 1989).   One factor is what he terms the utility, which is quantified by tensile testing and 
abrasion testing.  The other factor is as he states the aesthetics and comfort of the material, which is quantified using 
the KES-FB system.  The following four tests were performed: bending, compression, shear, and tensile tests to 
determine the behavior of the skin.  Due to the heterogeneous nature of the skin, the samples were also 
heterogeneous, despite being from the same section of the animal.  Whenever possible, tests were performed in the 
length and width directions.  The goal of the Kawabata data was to establish a dataset from which to compare other 
leather samples and predict their end uses according to the ability to drape.   
The Kawabata bending tester measured pure bending deformation of the skin sample.  The bending stress-
strain curve was obtained to determine bending rigidity, or stiffness, denoted as B, and bending hysteresis denoted 
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as 2HB.  Sample 1 L, the stiffest region by ASTM Standard D1388-64, had the highest bending stiffness.  Both the 
length and the width of Sample 1 had higher rigidities and hysteresis values than those of Sample 2. The length and 
width of Sample 2 were similar in rigidity and hysteresis, and both were dramatically less than those of Sample 1.  
By handling the samples, one would agree with the Kawabata results that the Sample 1 was stiffer and more 
resistant to bending than the belly sample.  The larger the hysteresis, the less the bending recovery mirrored the 
initial bending. This may point to some limitations in the end uses of the skin.  The better draping fabrics will not 
only have low bending rigidities, but smaller hysteresis values as well.   
The compression tester measured deformation caused by a constant compression rate of deformation in a 
circle with a diameter of 2 centimeters.  Compressive stress is the opposite of tensile stress and the material response 
to compressive stress is the opposite of tensile strain (Warner, 1995).  The linearity of the compression curve was 
noted as LC, the compressional energy as WC and the compressional resilience as RC.  The compression test was 
performed on three distinct places on a particular area of the specimen, which were averaged.  Sample 1 L had 
higher values for all parameters than those of Sample 2.  Sample 1 L had the lowest compressional energy while 
Sample 1 W had the highest.  Those of Sample 2 were similar and slightly lower than that of Sample 1 W.  The 
higher the compressional energy, the less energy was required to deform the sample.  Because of the thickness and 
stiffness of Sample 1, it was anticipated to require the most energy to deform.  The width samples of both regions 
had higher compression resilience.  The higher the compressional resilience, the greater was the recovery from the 
compressional deformation of the sample.  Perhaps there is some link between this behavior and the organized 
structure of the skin at the belly locations.   
In order to test the tensile properties of the skin, it was clamped between two chucks and stretched in a 
uniaxial direction.  The tensile linearity, LT, was similar for the length and width samples of each region of skin but 
higher for the back region of the skin than the belly region.  The higher the linearity, the greater the linear 
relationship is between the strain and the applied force.  A linear relationship indicated that elastic deformation was 
possible.  The tensile energy, WT, was lowest for Sample 1 W and highest for Sample 1 L.  For Sample 2 the tensile 
energy was higher for the width sample.  The lower the tensile energy, the greater the amount of energy needed to 
apply the tensile load.  The tensile resilience, RT, was similar for both samples in both directions, with the highest 
value of Sample 2 W.  The higher the tensile resilience the greater was the recovery from the tensile deformation of 
the sample. 
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During the Kawabata shear test, a constant tensile force is applied to the fabric, which is then subjected to 
shear deformation to an angle of 8 degrees, in plane.  The measurements are G, the shearing stiffness, HG-0.5 the 
hysteresis at 0.5 degrees, and HG-5 the hysteresis at 5 degrees.  The highest shearing stiffness was from Sample 2L.  
The higher the shearing stiffness, the more difficult the fabric is to deform by shear forces and typically the more 
difficulty the fabric will have in draping.  This can be attributed to the organization of the fibers of the flesh side 
limiting in plane shear.  However, when handling the skins, the back section area seemed to be the most difficult to 
drape where the belly section seemed easiest.  The hysteresis values were also larger for the sections of Sample 2 
than Sample 1.  Large hysteresis values indicated that there were differences in imparting the stress and removing it.  
The hysteresis values were highest for the samples with the highest shear stiffness values.  
2.3.6 Leather Testing, ASTM Volume 15.04 
The thickness of the skin samples was determined using a micrometer as per ASTM Standard D1813-708.  
Three measurements were taken and averaged from both the grain area and the quill area.  For both regions, the 
quills were considerably thicker than the grain area. 
For the grab tensile test of leather, ASTM Standard 2208-95 all samples broke at or near the jaws, and due 
to limited sample amounts, the test could not be replicated.  Because of the breaking, a sleeve of emu skin was used 
in the jaws for the remainder of the tensile tests.  Energy to break measures the ability of a material to withstand 
sudden shocks of given energy.  Breaking elongation is a measure of resistance of a material to elongation, which is 
important to consider when a specimen is stretched.  Strength indicated the resistance to steady forces, which is 
important when considering materials subjected to a steady pull (Warner, 1995).  Strength is an intrinsic property 
that depends on the weakest portion of the material.   
Modulus is an intrinsic property that provides information on the bulk structure of a material. "Young's 
modulus is a measure of the amount of deformation that is caused by a fixed amount of stress.  The modulus is 
derived from the linear portion of the stress strain curve.  Materials with high modulus often called stiff, or hard 
deflect little in the presence of stress whereas materials with low modulus often called soft, deflect significantly like 
a rubber band" (Warner, 1995, p. 211).  Both chemical and molecular structure affects the modulus; the modulus 
increases with increasing molecular orientation.  Along with high strength and modulus comes low elongation to 
break. 
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For ASTM Standard 2209-95 tensile test, comparing Samples 1 and 2, the length samples had higher values 
for all properties except Young’s Modulus of Sample 2.  As expected the back region endured the highest loads, 
stresses and Young’s Modulus, which agrees with stiffness testing.  The modulus was higher for the width direction, 
which also agrees with stiffness testing.  Sample 1L had the highest peak load, peak stress, load at break and break 
stress.  Of all samples, Sample 2 L endured the highest strain at break.  Perhaps the fiber structure is more organized 
in the length direction yielding higher properties.   
For the tear test, ASTM Standard D4704-93, the back region had the highest peak loads.  On average, the 
back region had higher peak loads, peak stresses and energy to break but lower % strain at break than the belly 
region.  These results can be related to the textile structure of the belly region allowing for greater extensibilities 
than the thicker regions.  For both regions, the samples in the length direction had higher properties for all 
parameters except for Young’s modulus.   
Colorfastness due to laundering as determined by Standard D2096-93 indicated if a color change occurred 
in dyed leathers.  This is particularly important for leathers to be used in apparel as well as for upholstery.  
Laundering altered the emu skin both in color and in size.  The skin turned darker and stiffer and shrunk to less than 
half of its original size.  The tanned emu skin also stained all fabrics that it was in contact with, except acrylic. 
2.3.7 Viscoelasticity Testing 
Viscoelasticity is the term best used to describe the complex mechanical behavior of leather (Manich et al., 
1997).  When studying a stress strain curve of soft wet or fat liquored leathers, three distinct regions are present. In 
the first segment, a low strain region, stress increases with strain slowly and the slope of the curve increases as strain 
increases.  The second segment is nearly linear.  The third segment is characterized by a downward concave curve 
indicating yielding prior to rupture.  For the dry sample, the elastic modulus decreased with temperature and 
increased with increased frequency except for the first heating which saw an increase in E’ with an increase in 
temperature.  For the most part, E’ followed the same path for all frequencies, Figures 7a, cool down and 8a, 
heating.  For E” and tan delta, the lower frequencies deviated from the paths of the higher frequencies, Figures 7b, 
7c, 8b, and 8c, respectively.  For the wet sample, the water acted as a lubricant, which facilitated movement.  The 
elastic modulus decreased with temperature for both cool downs and for the second heating.  The first heating was 
different; a peak developed before 0 C; as increased frequency, a decrease in E’ and tan delta occurred. 
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2.4 Conclusions 
Based on the preliminary test results, image analysis seems a promising technique to visually characterize 
emu skin as well as to evaluate abrasion resistance.  For visual abrasion to be seen, 250 cycles are sufficient.  
Scanning electron microscopy showed that the skins were made of a network of fibers whose organization varied 
with different sections of the skin.  Wet and dry crocking evaluates the color change of the skin as well as of the 
cotton fabric rubbing the skin.  Dry-cleaning and laundering the skin with a multifiber strip are necessary to study 
how the skin will behave and how the skin will stain other fabrics.  Colorfastness to dry-cleaning indicates that emu 
skin minimally stains cotton, nylon, and wool while changing color itself.  Colorfastness due to laundering caused 
the skin to shrink and results in staining acetate, cotton, nylon, polyester and wool.    
Kawabata testing indicates how the skin will drape; stiffness testing is unnecessary since it correlates with 
KES bending.  This testing quantifies the fact that the belly region has less bending rigidity and thus better drape 
than the back region.  For the tear test, the strength is higher for the back region, while the belly region has greater 
% strain at break with similar modulus values. Emu skin is appropriate for apparel with limited drape requirements. 
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Figure 1.  Tanned Emu Skin. 
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Figure 2a.  Grain of Emu Skin. 
 
 
Figure 2b.  Grain of Emu Skin. 
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Figure 3a. Emu Skin, Flesh Side. 
 
 
Figure 3b. Emu Skin, Cross Section, Thin Region. 
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Figure 4a. Emu Skin, Flesh Side, Thick Section.  
 
 
Figure 4b. Emu Skin, Cross Section, Thick Section. 
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Figure 4c. Emu Skin, Flesh Side. 
 
 
Figure 5.  Emu Skin, Abraded 250 Cycles. 
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Emu skin, dry-cleaned Emu skin, laundered 
Multifiber strip 
Multifiber strip stained by dry-cleaning Multifiber strip stained by laundering
Figure 6. Emu skin, dry cleaned and laundered and accompanying  multifiber strips:  acetate, cotton, 
polyester, nylon, rayon, wool from left to right. 
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Figure 7a.  Viscoelasticity of Emu Skins:  Thick, First Cooldown, Dry. 
Figure 7b. Viscoelasticity of Emu Skins:  Thick, First Cooldown, Dry. 
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Figure 7c. Viscoelasticity of Emu Skins:  Thick, First Cooldown, Dry. 
Figure 8a. Viscoelasticity of Emu Skins:  Thick, First Heat, Dry. 
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Figure 8b. Viscoelasticity of Emu Skins:  Thick, First Heat, Dry. 
Figure 8c. Viscoelasticity of Emu Skins:  Thick, First Heat, Dry. 
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CHAPTER 3.  CHARACTERIZATION OF TEXTILE PROPERTIES OF ALLIGATOR SKIN 
3.1 Introduction 
The American alligator is indigenous to the southeastern part of the U.S. from the Carolinas to Texas with 
the highest populations in Louisiana and Florida and has been hunted for its hide since the 1800s.  From 1967-87 the 
American alligator was listed as endangered/threatened, but it is now found in abundant numbers in the wild, having 
been brought back by sustainable-use programs.  These programs encourage landowners to preserve alligator eggs 
and habitats in return for the right to harvest a percentage of the grown animals.  Alligator farming, a more recent 
activity, became established in the late 1980s.  In 2001, there were about 150 alligator farms with more than 250,000 
alligators operating in Louisiana and Florida.  Farmers are required by law to return a percentage of their alligators 
to the wild thus increasing the wild population.  Farmed skins are generally smaller (under 5½ feet in length), but 
offer better quality than wild skins.  Because of this sustainable and substantial availability of alligator skins, 
diversification and expansion of markets for alligator leather goods is a logical next step (U.S. Dept of the Interior & 
U.S. Fish and Wildlife Service, 1995; Johnson, 1999).  According to state Wildlife and Fisheries figures for 1998, 
105,000 farm-raised alligator skins were sold for their meat, skins and various other parts for novelty items.  The 
market for American alligator skins was on the rise due to a then healthy economy providing an appetite for luxury 
items.  Because of the increased demand, the price for alligator skins has risen about $6 per foot compared to 1999’s 
figures, and now ranges from $22 to $32 per foot.  As reported by the Louisiana Department of Agriculture, exports 
also rose to their highest point in 1999, to 184,000, of which the state of Louisiana is responsible for approximately 
70% (Swerczek, 2000).   
The U.S. market for alligator leather has historically been limited to a fairly narrow range of products such 
as cowboy boots, belts, and wallets targeted, primarily, to the masculine consumer.  In contrast, alligator leather has 
been used in the European market primarily for women’s apparel products and accessories, such as handbags and 
shoes.  As a result of these end-use differences, the European market is stronger and more fully developed than the 
U.S. market.  Most alligator skins, raw or tanned, are sold to manufacturers in Europe or Asia and made into 
consumer products for foreign markets (Summers et. al., 2000).   
A limited number of U.S. tanneries are now successfully processing alligator skins.  However, significant 
problems exist in the development and expansion of the alligator industry.  In order to use alligator leather in 
multiple product offerings, an understanding of the physical properties of the hide and its product performance 
    
 
39
characteristics is needed.  Members of the American alligator industry tout the superior qualities of alligator; 
however, no data from physical property tests can be found in the literature.  Designers and manufacturers interested 
in using American alligator leather in products need factual information about the comparability of American 
alligator leather’s physical and performance characteristics to other types of leather (Belleau, et. al. 2001). 
In order to better evaluate the market potential of Louisiana’s exotic skins, testing techniques outlined 
previously were followed to characterize nine different alligator skins (Von Hoven et. al, 1999).  The major areas of 
comparison were: hand; colorfastness to rubbing, dry-cleaning, and laundering; and tensile strength and elongation.  
Armed with this information, Louisiana can then place their skins at the forefront of the leather industry.  In order to 
develop products that further penetrate the high-end textile market, manufacturers must be able to determine the 
textile properties and predict the appropriate end uses based on these properties.  This presents additional challenges 
to those for textile materials because alligator skins are expensive and of limited size to perform textile and leather 
testing.  This project highlights the most important material parameters, correlates these material properties, and 
predicts performance properties from as few tests as possible.  A database is also created from which comparisons 
between conventional and exotic leathers can be made. 
Because of the success of NIR as such a means of extracting a variety of information from textiles, it was 
employed to predict a few properties of the alligator skins.  It has played a major role in quantifying insect sugar 
content of cotton fibers (Brushwood and Han, 2000).  With an ecological slant, NIR has assisted with the blending 
of recycled fibers by correctly identifying them (Thiemer, 2000), (Leonard et al., 1998).  NIR has helped identify 
fiber damage caused by specific dyes (Bachmann et al., 2000) and the ability of cotton to be processed (Mogahzy et 
al., 1998).  NIR has also been used to detect changes in water status of cotton fibers (Wanjura et al., 1999) as well as 
the impact of cotton fiber moisture on strength (Knowlton, 1996).  The trash content (Taylor, 1996), white specks 
(Buco et al., 2001) and other fiber properties (Thomasson, 1995) have also been predicted with NIR. 
3.2 Materials and Methods  
A total of nine alligator skins of various finishes, were tested with the same methods and techniques 
previously used to characterize emu skins (Von Hoven et. al, 1999).  Not all alligator skins were subjected to all 
tests due to sample size constraints.  Some of the skins were too small to be completely evaluated, but were still 
included in the study to provide as much information on properties and variability as possible.  Samples had three 
distinct finishes commonly applied to alligator skins: garment finish, which yields a more supple skin; a glossy, 
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classic finish; and a matte finish.  These finishes were achieved by polishing the skins to different degrees, with the 
classic finish the most highly polished.  Table 1 describes the origin of the skins, whether wild or farm raised, part of 
the animal (belly or back), finish, and in which state the skin was tanned.  Tanning processes in the exotic skins 
industry are considered proprietary to the tannery, and therefore specific information is not available.  The thickness 
of the skins was determined according to ASTM Standard D1813-64 using a micrometer.  Three measurements were 
taken and averaged as shown in Table 1. 
3.2.1 Tensile Strength Testing 
An Instron Model 4301 tensile tester was used to measure tensile properties at a crosshead speed of 254 
mm/min and a 1 kN load cell.  Data gathered with the Instron Corporation Series IX Automated Materials Testing 
System were peak load (kN), maximum load reached, peak stress (mPa), peak load divided by cross sectional area, 
peak strain (%), elongation, breaking load (kN), break stress (mPa), break strain (%), (breaking values are identical 
to peak values if the break is clean), Young’s modulus (mPa), and energy at break (J).  Two tensile tests were 
performed: a grab test using a 2.54 by 15.24 cm specimen (ASTM Standard D2208); and a test with dog bone 
shaped specimen (ASTM Standard D2209).  The tongue tear test (ASTM Standard D4704) with a 2.54 cm by 5 cm 
specimen was also performed.  Thickness of the skins was determined to calculate stress values.  Due to the 
breaking of a trial skin at or near the jaws for the grab test, a sleeve of emu skin was placed in the jaws.   
3.2.2 Physical Testing 
Thickness of each specimen was measured as per ASTM Standard D1813 and for Standard D1777-64 in 
the textile tests.  Three thickness measurements were taken from various parts of the skins and averaged.  Stiffness 
was determined by the cantilever test.  This overhang length with both the grain and flesh side up was used with the 
sample weight to calculate the stiffness in mg-cm per ASTM Standard D1388.  
3.2.3 KES-FB and LSU Qtest Testing 
The Kawabata Evaluation System for Fabrics (KES-FB) measures fabric responses to low mechanical 
stresses in the basic deformations of extension, shearing, bending, and compression, as well as surface friction and 
roughness (Kawabata and Niwa, 1989).  Because of the thickness and structure of the skins, only the tensile test 
could be conducted with the KES-FB instruments.  Samples (20 by 20 cm) were subjected to a tensile stress of 
500gf in two directions at 90o from each other, corresponding to the warp and filling of a fabric.  Because the 
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required sample size limited the number of specimens per skin, measurements were taken at three different parts of 
the sample.  Parameters measured were tensile linearity (LT), tensile energy (WT), resilience (RT), and extensibility 
(EMT). Bending and compression measurements were made using specially designed apparatus attached to a Qtest 
tensile tester (Chen, 2001).  The testing methods were generated by the software TestWorks Version 3.1 (MTS 
Corporation).  For the bending test, the sample size is one square inch.  When possible, three samples were used and 
tested on both the grain and flesh sides of the skins.  Lower hysteresis values are desirable for drape, since the 
recovery mirrors initial deformation.  Also for drape, low stiffness values, high recovery values, and low energies 
are desirable.  Shearing tests could not be performed on the skins on both the KES-FB and LSU Qtest instruments 
because of their thickness and anti-shear structure. 
3.2.4 Scanning Electron Microscopy 
The structure of the different regions of the skins was studied on a Hitachi 510 scanning electron 
microscope (SEM) at high magnification (5000x) and at low magnification (300x).  Several samples from the 
different regions of the skins were viewed, while each sample was thoroughly examined in the microscope.  Areas 
depicting the typical appearance of each sample were developed into photomicrographs. 
3.2.5 Colorfastness Testing 
Colorfastness to crocking was performed under wet and dry conditions following AATCC Test Method 8.  
Twenty cycles were used to rub the sample with dry and wet standard cotton cloths with the AATCC crockmeter.  
Color change of the skin and of the rubbing cloth were evaluated by the AATCC Gray Scale for color change, ISO 
R 105/I Pt. 3.  AATCC Test Method 132 was used to determine the colorfastness of the skins to dry-cleaning and 
transfer of color to acetate, cotton, nylon, polyester, acrylic, and wool in a multifiber strip.  This testing simulates 
behavior of the skin in contact with other fabrics that may make up a product, as well as how the skins will behave 
during treatment.  The color change of the skin was evaluated using ISO R 105/I Pt. 3 while the fiber strips were 
evaluated using the AATCC Gray Scale for evaluating staining, ISO R 105/I Pt. 2.  The test was performed in an 
Atlas Launder-Ometer as per AATCC Test Method 132.  Colorfastness to laundering, as determined by ASTM 
Standard D2096, indicates if the treated leathers change color during home laundering, again using the multifiber 
strip to evaluate color transfer.  This is particularly important for skins to be used in apparel as well as for 
upholstery.  Skin samples of approximately 7.6 cm by 7.6 cm were washed in the Launder-Ometer for 30 minutes at 
27 C with 0.5% white cake soap solution. 
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3.2.6 Near-Infrared Spectroscopy 
In a preliminary attempt to measure the intrinsic property of Young’s modulus nondestructively, spectra 
were generated with a NIRSystems Model 6500 spectrophotometer.  Each skin was placed under and off-center to a 
12.7 cm diameter, quartz bottom sample cell rotating at 2.2 rpm.  The skin samples were placed against the quartz 
window and 32 scans were taken during one revolution of the sample cell.  Two spectra representing a total of 103 
sq. cm were scanned for each sample and averaged to yield a single value for each skin.  Partial least squares 
analysis was used to correlate the particular wavelengths of the spectra to the modulus of the skins as determined in 
tensile testing.  
3.2.7 Statistical Analysis 
Using SAS Version 8.0 software, a variety of statistical analysis was performed.  To assess significant 
differences between the means of different finishes, types of skins and differences in properties ANOVAs were 
performed using Bonferroni post hoc tests because of the appropriateness for small sample sizes to 95% confidence.  
Pearson’s correlation coefficients were calculated to determine which properties were correlated.   
3.3 Results and Discussion 
3.3.1 Tensile Strength Testing  
Results of the tensile tests are presented in Table 2, the grab method and Table 3, dog bone sample tensile 
method.  For all tests, the load and stress at break were nearly identical to the peak values for all specimens, 
indicating that the specimen failed at or right after the peak load and extension, in both the grab and dog bone 
sample tests.  The classic and matte finished skins had a higher modulus and lower elongation.  This is corroborated 
with the photomicrographs; the flesh sides of the garment finished samples were more like a textile structure helping 
transfer the load better and was thus more extensible than the classic finished samples.  The matte finished samples 
had tensile properties similar to the classic finished samples, despite being more fibrous like the garment finished 
samples.  This could be due, in part, to the matte sample being hornback.  The hornback specimens also failed under 
lower loads.  This part of the alligator is characterized by a ridge of protrusions, which undoubtedly affect the 
response of the material to tensile forces.  Strength is an intrinsic property that depends on the weakest portion of the 
material (Warner, 1995).  Alligator skins are natural materials, with inherent variability as well as flaws and 
imperfections, which affect the breaking strength.  The peak stress is the maximum stress experienced by the sample 
before it fails and is termed tensile strength in many material applications (Callister, 1990).  In the grab test, the 
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matte sample had the highest peak stress values followed by the garment finished samples and the rose and maroon 
classic samples, with the black hornback having much lower stress values.  In the dog bone shaped samples, the 
tensile testing revealed the rose classic had the highest stress values, with the matte and chocolate classic finished 
samples following, the garment finished samples similar to the maroon classic sample, and again, the black 
hornback, the lowest values.  The results for the tensile tests with dog bone specimens were different from those of 
the grab test reflecting the smaller cross section.   
Energy to break, or toughness, is the total amount of energy required to break the material, not normalized 
for thickness (Collier and Epps, 1999).  This parameter provides further differentiation among the skins.  The 
toughest samples in the grab test were the three garment finished skins, followed by the matte finished hornback.  
This trend was also apparent in the results from the dog bone specimens, although values were somewhat more 
variable. Toughness is affected by both strength and elongation.  Because extensibility is important for apparel 
applications, strain, a good indicator of elongation is important (Warner, 1995).  In the grab test, the most extensible 
materials were generally those with the garment finish. 
Young’s modulus depends on the bulk material behavior and is an intrinsic property.  Generally, the higher 
the modulus, the stiffer and more difficult to deform the material is.  Typically, strength is equivalent to Young's 
modulus/1000 (Warner, 1995).  Both chemical and molecular structure effect the modulus, which increases with 
higher molecular orientation.  More highly oriented materials usually have lower elongation because the polymer 
chains are already in a straight configuration and unable to further uncurl or align.  The lower Young’s modulus 
values were seen with the garment finished samples, on average. 
For tearing, the most important property is total energy.  The tongue tearing test placed two 1.27 cm 
tongues in opposite jaws connected by a 2.54 by 2.54 cm piece of skin.  The classic finished samples tore much 
more easily than the garment finished samples.  This behavior was confirmed with the lower energy to break values 
as compared to the blue and brown garment finished samples (Table 4).  This is best illuminated with the 
photomicrograph finding that the flesh side of the classic finished samples showed fibrils oriented in one major 
direction, thereby offering little resistance to the tearing force.  The maroon classic sample is the thinnest and also 
exhibited the lowest tearing strength.  Strains were on the average higher for the garment and matte finished skins, 
as were energies to break.  The exception is the peanut hornback sample, which is also the thinnest of the garment 
finished samples.   
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3.3.2 Kawabata KES-FB and LSU Qtest Testing 
Nondestructive tensile tests were performed on the Kawabata Tensile and Shear Tester (Table 5).  Based on 
the averages, the garment finished samples had greater extensibilities, followed by the classic finished samples and 
then the matte hornback.  The two hornbacks were similar in tensile properties, with the classic finished skin 
exhibiting lower tensile energy and strain.  The lowest energy was demonstrated by the matte sample, with the 
classic next, and the garment having the highest energies and thus required the least amount of energy to deform.  
The linearities were highest for the matte sample, followed by the classic finished samples and lastly by the garment 
finished samples.  Surprisingly, the resilience was highest for the matte samples, then the garment samples, and then 
the classic samples.  Some of these values are confirmed with the SEM photomicrographs.  The garment finished 
samples had the flesh side resembling that of a fabric and thus would be more extensible than the more 
unidirectional classic samples.  By the same token, the garment finished samples also require less energy to deform. 
Unfortunately very few of the samples could be tested on the KES system for bending, compression and shearing.  
To compensate for the loss, the Qtest was used to evaluate bending and compression.  The skins were not 
appropriate for shear testing on the Qtest system for the same reasons they could not be tested on the KES-FB 
system, their thickness and structure.   
The compressive data obtained from the LSU Qtest instrument are listed in Table 6.  The compression 
tester measured compressional deformation caused by a constant compression rate of deformation.  Compressive 
stress is the opposite of tensile stress and the material response to compressive stress is the opposite of tensile strain 
(Gere and Timoshenko, 1990).  The linearity of the compression curve was noted as LC, the compressional energy 
as WC and the compressional resilience as RC.  The higher the compressional linearity, the greater was the linear 
relationship between stress and strain.  The greater the linearity of this relationship, the greater is the opportunity for 
the sample to recover from deformation.  The lower the compressional energy value was, the more difficult the 
deformation of the sample.  The greater the compressional resilience, the greater was the recovery from the 
compressional deformation of the sample.  On average, the linearity was similar for the classic and matte samples 
and less for the garment samples.  The energy was the lowest for the matte, then the classic, and finally the garment 
samples.  Surprisingly, the resilience was lowest for the garment samples and highest for the classic samples.  
Because of the nonwoven like structure of the garment finished samples, once compressed, the fibers entangled 
more, thus inhibiting the compressional resilience.  Both hornback samples had very similar resiliencies. 
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The bending stress-strain curve was obtained to determine bending rigidity, or stiffness, denoted as B, and 
bending hysteresis denoted as 2HB (Table 7).  The larger the hysteresis, the greater is the loss in bending energy.  
This may point to some limitations in the end uses of the skin.  The better draping fabrics will not only have low 
bending rigidities, but smaller hysteresis values as well.  As indicated by the flesh side structure of the skins (Table 
7), the lowest bending rigidities were experienced by the garment finished samples.  Some of the highest bending 
rigidities were noted with the classic finished samples, perhaps due to the preferred fibril direction resisting bending.  
These results were as expected, based on subjective stiffness.  The hysteresis values followed the same trend as the 
rigidity.  However, the black belly classic finished alligator behaved more like the garment finished skins, which 
were also from the belly of the alligator, than the classic finished skins.  
3.3.3 Scanning Electron Microscopy 
Different regions of the skins were studied at high magnification (5000x) and at low magnification (100x 
and 300x) to further characterize their structure on both the grain and flesh sides.  For all three finishes, the grain 
side appeared to be an agglomerate of fibers.  The flesh side was what was most interesting.  It appeared to be a 
network of fibers that were entangled for the garment and matte finished samples.  The classic finished samples 
seemed to have fibers that were more organized in one preferred direction.  At high magnification, the fibers 
comprising the flesh side appeared to be composed of fibrils much like a textile yarn.   
3.3.4 Colorfastness Testing 
If alligator hopes to permeate the apparel market, colorfastness in home laundering and dry-cleaning are 
important properties to measure.  The preferred method of cleaning would be dry-cleaning, however, many 
consumers will attempt home laundering, particularly if the exotic leather is part of a garment containing another 
type of fabric.  For this reason, a multifiber strip containing acetate, cotton, nylon, polyester, acrylic, and wool was 
used with both tests.  In the home furnishings market, colorfastness due to rubbing becomes an important factor, 
particularly with upholstery fabrics.  Colorfastness to both wet and dry crocking was evaluated and shown in Figure 
4.  By far, the skins behave much better in dry conditions than wet, which would be unacceptable for apparel use.    
In ASTM Standard D2096-93, the leather samples were evaluated for their performance in laundering.  A 
multifiber strip was included in this test.  Both the skin color change and the staining were more dramatic in 
laundering than in dry-cleaning, Figure 5.  The skins dramatically changed color themselves.  Polyester and acrylic 
were stained the least, while cotton and wool were often stained the worst.    
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AATCC Test Method 132 evaluated the color change due to dry-cleaning as shown in Figure 6.  This test 
simulates how the skin will behave with other fabrics with which it may be in contact.  The scale is from 1 to 5 with 
5 indicating no change and 1 indicating drastic change.  The samples changed color themselves to a larger degree 
than the fibers in the multifiber strip were stained.  Of the multifiber strip fibers, nylon and polyester were most 
dramatically stained, with wool, acrylic, cotton and acetate being stained the least.  The hydrophilic fibers like 
cotton and wool were unaltered in dry-cleaning because there was no water containing dyes to absorb.  The 
hydrophobic fibers, which were unaltered in laundering, absorbed the dyes in the perchloroethylene that the natural 
fibers could not. 
3.3.5 Near-Infrared Spectroscopy 
In an attempt to measure Young’s Modulus nondestructively, near-infrared spectroscopy was used.  Two 
measurements were made on each skin, the spectra averaged and regressions were run to correlate the spectra to 
Young’s Modulus.  The correlation between the spectra and Young’s Modulus as determined with the tensile test 
was 0.99.   
3.3.6 Statistical Analysis 
If destruction of a hide is not an option, preliminary research indicates that NIR can predict Young’s 
modulus.  In addition, several other properties can be correlated as seen with the Pearson’s correlations, R values.  
Break values are well correlated with peak values for the tensile and tearing tests, and less in the grab test.  The 
Young’s modulus for all three tests was not highly correlated, but thickness measurements were.  In the tensile tests 
with the dog bone shaped samples, several correlations were highlighted.  The tensile Young’s Modulus correlated 
with the tensile peak stress, R = 0.8916.  The tensile energy to break of the sample correlated with the tensile strain, 
R = 0.8868, and to peak load, R = 0.9253.  In the tearing tests, the peak load correlated with the peak strain, R = 
0.9637 and energy to break correlated with tearing peak load, R = 0.9869, strain, R = 0.9558.  Unfortunately, the 
tearing energy to break was only weakly correlated with tearing flexural rigidity, R = 0.7568.  In the grab test, 
energy to break correlated with grab peak load, R = 0.9447, strain, R = 0.8852, while peak load weakly correlated 
with stress, R = 0.7679.  Tearing flexural rigidity correlated with grab energy to break, R = 0.8533.   
In predicting the hand properties as determined by the KES-FB tensile tests and the Qtest bending and 
compression tests, the properties of the tensile dog bone, tear and grab tests were used as well as the other hand 
properties.  The KES tensile linearity correlated with the tensile extensibility, R = -0.8561, as did tensile energy, R = 
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0.9121.  Tensile energy also correlated with the tensile break stress, R = -0.7277.  The tensile resilience correlates 
with the compressional extensibility, R = 0.8687, as did tearing break stress, R = 0.9908.  The tearing peak stress 
correlates with the compressional energy, R = 0.9090.  The tensile linearity correlates with the compressional 
linearity, R = 0.7439.  Qtest bending hysteresis also correlates with tensile linearity, R = -0.8832, and bending 
rigidity, R = 0.8420, which also correlates with tear peak stress, R = 0.7664.   
Bonferroni post hoc tests were used in conjunction with ANOVAs to highlight significant differences in 
mean properties of the alligator samples.  In ANOVAs by test, a few significant differences were found.  There were 
no significant differences for any of the grab test properties between Louisiana and Florida bred alligators.  In the 
dog bone sample tensile tests, the Louisiana bred samples had higher stress values, while Florida samples had higher 
strain values.  In tear testing, Louisiana had higher peak stress values.  The state in which the skins were tanned was 
significant in peak strain, where Georgia had higher values than Louisiana, in the dog bone sample tensile testing.  
Louisiana tanned skins had higher stress values than Georgia tanned skins in tear testing.  Samples taken from head 
to tail of the alligator skins had lower peak load and peak strain values in grab testing, while in tear testing peak 
stress and strain values were lower.  In the dog bone sample tensile testing, the direction perpendicular to head to tail 
was higher in all properties.  The garment finished skins also had higher peak loads and peak strains than the classic 
or matte finished samples in grab testing.  Garment finished samples had higher peak loads and strains, while classic 
finished samples had higher stress values in tear testing.  Garment finished samples had higher strain values than 
classic finished samples, while the opposite was found in stress values of the dog bone tensile tested samples.   
In ANOVAs by test and finish, the classic finished samples had no significant differences in grab testing, 
the black hornback sample had lower load values than either the chocolate or maroon samples, while the rose 
colored sample had higher stress values than the black hornback.  In tear testing, the chocolate and rose samples had 
higher peak load values than the maroon sample, while the opposite was found in the stress values.  In strains in the 
tear tests, the rose sample had higher values than the maroon and chocolate samples.  The garment finished samples 
had fewer differences, with the brown alligator skins having larger peak load and stress values than the peanut 
sample and higher peak load values than the blue samples.  
3.4 Conclusions 
From this initial physical testing, a dataset has been established for future comparisons of alligator to other 
exotic and traditional leathers.  Based on handling the alligator skin, it seems it would make fine textile apparel and 
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home furnishing products.  Leather, by nature is very flame resistant which is also an attractive property for home 
furnishings (Bailey et al., 1984).  Qtest and Kawabata testing were primarily used to quantify different aspects of 
hand, mainly bending, compression and tensile properties.  These tests quantify the fact that the garment finished 
alligator skins have better hand than matte or classic finished skins, which are stiffer.  Tensile testing indicates that 
finish is critical to the behavior of the skins.  Tear testing demonstrates that the classic finished samples are more 
prone to tearing at smaller loads than either the garment or matte finished samples.  This may be explained with the 
photomicrograph depicting the monodirectional nature of the fibers.  On average, the garment finished skins endure 
higher loads, strains, and energy to break than the other finished samples in the grab test.  The tensile tests produced 
more variable test results in the classic finished samples, while they endured lower strains than the garment and 
matte finished samples, on average.  The colorfastness results indicate that when rubbed, color change is much more 
dramatic when wet than dry and dry-cleaning produces less staining than laundering.  Nylon and polyester are fibers 
that are most dramatically stained when dry-cleaned with the skins.  If destruction of a hide is not an option, 
preliminary research indicates that NIR can predict Young’s Modulus, which correlated with several properties as 
seen with the Pearson’s R values.  
 
Table 1.  Sample description and Code. 
Alligator Sample 
Description 
Finish Location Origin Raised Tanned Thickness 
(mm) 
Ecru hornback  Matte Back LA Farm LA 1.44 
Black, hornback  Classic Back LA Farm GA 1.03 
Maroon farm Classic Belly LA Farm GA 0.58 
Rose farm  Classic Belly LA Farm LA 0.62 
Chocolate  Classic Belly LA Farm FLA 1.04 
Black farm Classic Belly FLA Farm GA 1.25 
Blue farm Garment Belly FLA Farm FLA 1.44 
Peanut hornback  Garment Back LA Farm FLA 1.01 
Brown wild Garment Belly LA Wild LA  1.22 
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Table 2.  Tensile Properties of Leather Samples, Grab (ASTM Standard 2208). 
Sample Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Peanut hornback garment 0.4214 10.2700 66.3600 0.4124 10.0500 29.4400 7.6540 
Brown garment 0.6209 10.5262 64.3750 0.4283 7.2245 44.0300 9.4805 
Blue garment 0.5537 9.1993 51.8700 0.4940 8.1915 32.5825 8.9185 
Black hornback classic 0.1734 5.7800 15.7700 0.1698 5.6550 50.7000 1.1835 
Maroon classic 0.1552 9.7503 21.1417 0.1534 9.6400 76.9276 1.6706 
Rose classic 0.3403 10.8715 36.6820 0.2297 8.3188 72.4725 5.6396 
Ecru hornback matte 0.5274 15.0075 32.1575 0.4909 14.2455 63.0525 6.4413 
 
Table 3.  Tensile Properties of Leather Samples, Dog bone Shaped Specimen (ASTM D2209). 
Sample Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Peanut hornback garment 0.1391 9.3415 27.7000 0.1391 9.3415 54.9800 1.4515 
Brown garment 0.1832 10.1928 41.0217 0.1793 9.9465 44.7683 3.1509 
Blue garment 0.2219 11.1365 51.2950 0.2219 11.1365 35.9325 4.2898 
Chocolate classic 0.2490 17.2825 38.3000 0.2490 17.2825 69.1025 3.8883 
Black hornback classic 0.1082 6.4122 19.0100 0.1082 6.4127 43.3161 0.8869 
Maroon classic 0.1574 10.1618 23.8090 0.1558 10.0624 66.9105 1.9628 
Rose classic 0.2026 25.3503 31.1850 0.1956 24.4553 113.2900 3.1329 
Ecru hornback matte 0.2454 16.1010 32.8100 0.2448 16.0700 70.9725 3.3478 
 
Table 4.  Tongue Tear Test of Leather Samples (ASTM D4704). 
Sample Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Peanut hornback garment 0.0135 0.4729 33.3450 0.0092 0.3255 3.8200 0.2572 
Brown garment 0.0646 1.8316 82.5350 0.0541 1.4840 6.5398 2.6877 
Blue garment 0.0323 0.9098 60.4325 0.0254 0.7174 3.4473 0.9115 
Chocolate classic 0.0281 1.1995 39.2500 0.0182 0.7741 10.1690 0.6015 
Maroon classic 0.0064 4.3471 39.0800 0.0049 3.3288 1.0370 0.0293 
Rose classic 0.0236 1.5350 44.1325 0.0176 1.1422 12.9563 0.4497 
Ecru hornback matte 0.0311 0.9332 56.9075 0.0183 0.5440 8.4278 0.9381 
 
Table 5.  Kawabata Tensile data. 
Sample LT WT (gf cm/cm2) RT (%) EMT (%) 
Brown garment 0.6400 11.8300 60.7603 7.5651 
Blue garment 1.0344 10.7330 56.3022 4.1459 
Chocolate classic 0.9737 6.6871 47.3043 2.7418 
Black hornback classic 1.0736 7.6562 42.9150 2.8823 
Maroon classic 0.8451 12.1933 63.4864 6.1709 
Rose classic 1.0816 4.6275 66.2182 1.7418 
Ecru hornback matte 0.8464 6.8348 54.3192 3.3747 
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Table 6. LSU Qtest Compression data. 
Sample LC WC (gf cm/cm2) RC (%) 
Brown garment 0.45 0.81 54.39 
Blue garment 0.56 0.57 60.84 
Chocolate classic 0.60 0.39 66.99 
Black hornback classic 0.75 0.53 63.62 
Black belly classic 0.47 0.44 57.74 
Rose classic 0.60 0.66 73.41 
Ecru hornback matte 0.60 0.42 63.10 
 
Table 7. LSU Qtest Bending data. 
Sample B (gf cm2/cm) HB (gf cm/cm) 
Peanut garment 0.2238 1.5725 
Brown garment 0.7668 7.4200 
Blue garment 0.6140 3.3977 
Chocolate classic 0.8476 4.6776 
Black hornback classic 1.0668 5.1772 
Black belly classic 0.4905 2.9073 
Maroon classic 0.9792 5.9297 
Rose classic 0.8146 4.0992 
Ecru hornback matte 0.7082 5.5259 
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Figure 1a.  SEM photomicrograph of grain side of garment finished alligator. 
 
 
Figure 1b.  SEM photomicrograph of flesh side of garment finished alligator. 
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Figure 2a.  SEM photomicrograph of grain side of classic finished alligator. 
 
 
Figure 2b.  SEM photomicrograph of flesh side of classic finished alligator. 
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Figure 3a.  SEM photomicrograph of grain side of matte finished alligator. 
  
Figure 3b.  SEM photomicrograph of flesh side of matte finished alligator. 
 
    
 
54
 Figure 4.  AATCC 8 Color Change due to Wet and Dry Crocking. 
 
Figure 5.  ASTM D2096-93 Color Change due to laundering. 
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Figure 6.  AATCC 132 Color Change due to dry-cleaning.  
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CHAPTER 4.  COMPARISON OF EXOTIC TO TRADITIONAL LEATHER SKINS 
4.1 Introduction 
Product performance characteristics of both exotic and traditional leather, in terms of physical properties, 
are needed in order to promote the use of exotic leather in a larger variety of products.  American alligator industry 
members have stated that alligator has superior qualities, however, until this research was carried out, no data from 
physical property tests could be found in the literature.  In order to encourage designers and manufacturers to use 
American alligator and other exotic leathers in products, factual information about the comparability of exotic 
leather’s physical and performance characteristics to other types of leather is required.  Fabric hand is very 
important to the garment industry.  Tensile strength testing also provides comparative tests to compare tearing, and 
tensile strength of the leathers.  Colorfastness tests compare how the leathers behave when rubbed under wet and dry 
conditions, dry-cleaned and even home laundered.  These traditional textile testing techniques were evaluated 
previously with emu skin (Von Hoven et al., 1999). 
In previous research, a dataset was established for comparisons of alligator to other exotic and traditional 
skins based on the testing methods and techniques previously outlined (Von Hoven et al., 1999).  Qtest (Chen, 2001) 
and Kawabata (Kawabata and Niwa, 1989) testing quantify the fact that the garment finished alligator skins have 
better hand than matte or classic finished skins.  Tensile testing of dog bone shaped samples indicated that finish is 
critical to the behavior of the skins.  As explained by the isotropic nature of the fibers in photomicrographs, classic 
finished samples tore at smaller loads than either the garment or matte finished samples.  In the grab test, garment 
finished alligator skins endured higher loads, strains, and energies to break than skins with other finishes.  The 
tensile tests produced a wider variation of results in the classic finished samples, while they endured lower strains 
than the garment and matte finished samples.  Wet crocking produced more dramatic color changes in the skin than 
dry crocking.  In tests for colorfastness for dry-cleaning, nylon and polyester were stained the most.  If destruction 
of a hide is not an option, preliminary research indicates that NIR can predict Young’s Modulus.  With that property 
and the thickness, peak stress, bending hysteresis, tensile and compression resilience can be predicted.   
Leather by its nature is abrasion resistant, which is an important property for the textile and home 
furnishing industries (Bailey et al., 1984).  Since the Louisiana Fur and Alligator Council is interested in developing 
new markets in these industries, abrasion resistance is an important factor to be evaluated.  The traditional method of 
measuring abrasion resistance of textile products is not ideal for exotic skins.  In this testing method, the sample is 
    
 
57
abraded with a selected number of cycles of an abrading wheel.  The abrasion resistance is measured by the weight 
loss or other property changes in the sample.  Some of the exotic skins tested did not loose weight because of the 
deterioration of the abrading medium onto the skin itself.  Since all of the skins were dyed, image analysis was 
investigated as an alternative measurement of abrasion resistance via the color change caused by the abrasion.   
Image analysis measures color, light reflected at a specified wavelength and intensity, in three dimensions: 
red, green, blue; hue, saturation, value; and luminance, in phase and quadrature.  Used in many color monitors and 
cameras, the RGB model uses the primary colors as axes in a Cartesian coordinate system and any colored object is 
defined by its coordinates in this system.  The HSV three-dimensional color model measures hue, the dominant 
wavelength corresponding to a particular color, saturation and value.  Hue typically describes the common reference 
to color, pink, purple, or blue.  Saturation indicates the presence of hue in the color; with no saturation there are only 
shades of gray.  Value refers to the lightness or darkness of a color (Color Principles- Hue, Saturation, and Value, 
2002).  YIQ translates the RGB model for use on television screens via a matrix.  Luminance, Y, refers to the black 
to white television and is most sensitive to the eye.  In phase, I, is the red minus the luminance or the position along 
the red-orange axis. Quadrature, Q is the blue minus the luminance, approximately orthogonal to I, and is the least 
sensitive to the eye (Color Models in Video, 2002).   
Because of the potential for NIR testing as a rapid, accurate, reliable, nondestructive test method, it has 
been extensively studied in cotton textile industry.  NIR has demonstrated that insect sugar content of fibers can be 
quantified (Brushwood and Han, 2000).  The technology has correctly identified fiber types for recycled fiber blends 
(Thiemer, 2000), (Leonard et al., 1998).  Fiber damage caused by dyes has been illuminated through the use of NIR 
(Bachmann et al., 2000).  Moisture, as it impact on fiber strength (Knowlton, 1996), as well as changes in water 
status of cotton fibers have been identified with NIR (Wanjura et al., 1999).  Trash content of cotton fibers has also 
been measured by NIR (Taylor, 1996).  In fact, the use of NIR has been used to classify cotton fiber properties 
(Thomasson, 1995).  Fiber properties have been measured (Thomasson, 1995) and fabric white specks have been 
measured with NIR (Buco et al., 2001). 
4.2 Materials and Methods 
Traditional leathers such as cowhide, suede, pig, deer, lamb and goat were compared to the exotic skins 
alligator, ostrich and emu.  These skins were tested with the same methods and techniques previously used to 
characterize emu skins (Von Hoven et al., 1999).  As complete a data set as possible was created, however, some of 
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the skins were too small to be completely evaluated, but were still included in the study to provide as much 
information on properties and variability as possible.     
Table 1 describes the thickness of the skins, and the finish.  The traditional leather samples were finished 
like the garment finished alligator skins, with the exception of the suede, goat, (which was more like the classic 
finish), and lamb, which was embossed.  Tanning processes in the exotic skins industry are considered proprietary to 
the tannery.  The thickness of the skins was determined according to ASTM Standard D1813-64 using a micrometer. 
4.2.1 Tensile Strength 
Tensile and tear testing were performed on an Instron Corporation Series IX Automated Materials Testing 
System Model 4301 tensile tester with a crosshead speed of 254 mm/min and a 1 kN load cell.  Two tensile tests 
were performed: a grab test using a 3.8 by 15.24 cm specimen (ASTM Standard D2208); and a test with dog bone 
shaped specimen, 1.27 by 15.24 cm (ASTM Standard D2209).  The tongue tear test (ASTM D4704) with a 2.54 cm 
by 5 cm specimen was also performed.  Three replications in two perpendicular directions of each test were 
performed as allowed by the skin size.  Thickness of the skins was determined to calculate stress values.  A sleeve of 
emu skin was used in the jaws to prevent breakage at or near the jaws. 
4.2.2 Low Stress Mechanical Properties 
The low stress mechanical properties that affect fabric hand and drape were measured with the Kawabata 
Evaluation System for Fabrics (KES-FB) and the Qtest experimental apparatus developed at Louisiana State 
University.  The KES-FB includes instruments to measure bending, shearing, tension, compression, and surface 
roughness (Kawabata and Niwa, 1989).  However, only the tensile test could be conducted with the KES-FB due to 
the thickness of the skins.  The skins were subjected to a tensile load of 500g in two directions at 90o from each 
other.  Measurements were taken at three different parts of the sample since the required sample size limited the 
number of samples per skin.  Tensile parameters measured were linearity (LT), energy (WT), resilience (RT), and 
extensibility (EMT).  The Qtest tensile tester measured bending and compression properties with specially designed 
apparatus (Chen, 2001).  The compression test measured the linearity (LC), energy (WC), resilience (RC), and 
extensibility (EMC).  For the bending test, bending rigidity (B) and bending hysteresis (HB) were measured on a 
one square inch sample.  When possible, three samples were tested on both the grain and flesh sides of the skins.  
Lower hysteresis values are desirable for drape, more bending energy is recovered.  Also for drape, low stiffness 
values, high recovery values, and low energies are desirable.      
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4.2.3 Scanning Electron Microscopy 
Photomicrographs of areas depicting typical appearances of both the flesh and grain sides of the skins were 
produced with a Hitachi 510 scanning electron microscope (SEM) at different magnifications.  Several samples from 
the different regions of the skins were viewed, while each sample was thoroughly examined in the microscope.  The 
most representative images were printed into photomicrographs. 
4.2.4 Colorfastness Testing 
A variety of colorfastness tests were performed on the skins.  Following AATCC Test Method 8, wet and 
dry crocking tests were performed using twenty rubbing cycles.  Both the skin and rubbing cloth were evaluated by 
the AATCC Gray Scale for color change, ISO R 105/I Pt. 3.  In order to simulate the behavior of the skins in contact 
with other types of material in a dry-cleaning process (AATCC Test Method 132), a multifiber strip is used.  The 
colorfastness of the skins and the transfer of color to acetate, cotton, nylon, polyester, acrylic, and wool in a 
multifiber strip were evaluated using ISO R 105/I Pt. 3 while the fiber strips were evaluated using the AATCC Gray 
Scale for evaluating staining, ISO R 105/I Pt. 2.  Because of its importance in leather apparel and upholstery, 
colorfastness to laundering was determined by ASTM Standard D2096.  Both color transfer, using the multifiber 
strip, and the color change of laundered leathers were evaluated.   
4.2.5 Near-Infrared Spectroscopy  
Spectra were generated with a NIRSystems Model 6500 spectrophotometer.  Each skin was placed under 
and off-center to a 12.7 cm diameter rotating sample cell, 2.2 rpm, against the quartz window and 32 scans were 
taken during one revolution of the sample cell.  Two spectra representing a total of 103 sq. cm were scanned for 
each sample and averaged to yield a single value for each skin.  Partial least squares analysis was used to correlate 
the spectra properties of the skins as determined in tensile testing.  Research has demonstrated that neither fabric 
construction nor dye affect the absorptivities of fabrics in the wavelength range above 1000nm (Carr et al., 2001).  
For this reason, correlations were made in the 1100 to 2500 nm wavelength range. 
4.2.6 Abrasion Resistance 
Abrasion resistance testing was conducted as per ASTM Standard D3884-80 with 250 cycles of abrasion 
and measured as % weight loss.  Since some of the samples did not lose weight, probably due to disintegration of the 
abrading wheel, another measurement was needed.  Because abrasion is visually apparent, image analysis was a 
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logical choice.  For the image analysis, ImagePro software was used.  Using an Argus scanner in reflectance mode at 
600 lines per inch, the skins were converted to a digital format.  To test, 220 pixels were evaluated in both the 
abraded and non-abraded regions of the samples.  Since the skins were different colors, each region of the sample 
was evaluated for differences in red, green and blue, also hue, saturation and value, as well as luminance, in phase 
and quadrature.  Each of the three types of measurements was evaluated for statistically significant differences 
between the abraded and non-abraded regions of the skin.  To substantiate the instrumental of the measurements, a 
three person panel ranked the skins by visual appearance from the least abraded to the most abraded.   
4.2.7 Statistical Analysis 
Using SAS Version 8.0 software, a number of statistical analyses were performed.  To asses significant 
differences between the means of different finishes, types of skins and differences in properties ANOVAs were 
performed using Bonferroni post hoc tests, because of their appropriateness for small sample sizes.  A Pearson’s 
correlation matrix was used to correlate of the variables.   
4.3 Results and Discussion 
 
4.3.1 Tensile Strength Testing  
Grab method tensile testing is presented in Table 2 and the dog bone shaped sample tensile testing in Table 
3.  The peak and break loads and stress were highly correlated for the two tensile tests and the tear test as well 
indicating the specimen failed at or right after the peak load and extension.  The breaking strengths of the leathers 
are very variable due to flaws and imperfections that occur in natural materials.  Differences between grab and 
tensile data occur, in part, due to the concentration of potential defects in the narrower sample width of the dog bone 
shaped specimens.   
Toughness, or energy to break, provides another dimension to differentiate the skins and is the total amount 
of energy required to break the material, not normalized for thickness.  Toughness is a function of both strength and 
elongation (Collier &Epps, 1999).  Young’s Modulus, also referred to as modulus of elasticity, is the ratio of the 
stress to strain during elastic deformation.  Depending on the bulk material behavior, the modulus indicates the 
stiffness of a material, since the higher the modulus, typically the greater the stiffness (Callister, 1990).  Both 
chemical and molecular structures impact the modulus, which increases with higher molecular orientation.  More 
highly oriented materials usually have lower elongation because the polymer chains are already in a straight 
configuration and unable to further uncurl or align (Warner, 1995).  From the Young’s modulus and thickness, 
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flexural rigidity can be calculated as the product of modulus of elasticity and moment of inertia (Gere and 
Timoshenko, 1990).   
A strip of leather 2.54 cm wide was tested in the grab method of the tensile test (Table 2).  Statistical 
comparisons were made for peak load, stress and strain, and break load and stress, and energy to break using both 
the exotics and traditional leathers.  The garment finished samples had significantly higher peak and break loads, 
stresses and peak strain, as well as energy to break values than the classic finished samples.  In comparing all skin 
samples, many significant differences were apparent.  For peak load, the suede samples were significantly higher for 
all samples except black ostrich and the buffalo samples.  The black ostrich was also significantly higher in peak 
load than the black alligator and pig samples.  Results were similar for the breaking load with the suede samples 
being significantly higher than all samples with the exception of blue and black ostrich, goat, deer, and buffalo.  The 
blue ostrich also had higher peak stress values than emu, rose, maroon, brown, black and blue alligator, and pig.  
Breaking stress had suede with higher values than emu, pig, maroon, rose, blue, black and brown alligator.  The blue 
ostrich samples had higher breaking stress values than the maroon, rose, blue brown and black alligator samples.  
The buffalo samples also had higher breaking stress than the black alligator samples.  The brown alligator endured 
higher peak stain values than the black alligator samples.  Energy to break was significantly higher for suede than all 
other samples except black and blue ostrich, deer, buffalo, and goat, blue and peanut alligator.   
The forced rupture of the sample in the 1.27 cm region dictates the results of the tensile test (Table 3).  
Statistically, garment finished samples had higher peak and break loads, peak strains and energy to break than 
classic finished samples.  In comparing the skins, the buffalo was significantly higher in peak and break loads for all 
skins except suede.  The black ostrich has larger values than the blue, rose, brown, peanut and black alligator, emu, 
cowhide, pig and lamb in peak and break load.  The blue ostrich samples had higher peak loads than the lamb 
samples.  For peak and break stress the buffalo is significantly higher than all samples.  Suede samples have higher 
peak and break stress values than cowhide, emu, lamb, and blue, brown, peanut and black alligator samples.  The 
blue ostrich samples are significantly higher in peak and stress than cowhide, emu, pig, lamb, and blue, brown, 
peanut and black alligator samples.  Also in peak stress values, the rose alligator had higher values than emu, lamb, 
and blue, brown, peanut and black alligator samples.  In break stress values, the rose alligator samples were greater 
than cowhide, lamb, brown, peanut and black alligator samples.  Goat samples had higher peak stresses than either 
the brown or black alligator samples.  Cowhide had higher peak strain values than rose and black alligator samples.  
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The energy to break values were significantly higher for suede samples compared to others except buffalo and black 
ostrich.  Buffalo was significantly higher than all except suede and black ostrich samples for energy to break.  The 
black ostrich endured higher energies to break than maroon and black alligator samples.   
Two 1.27 cm tongues of the skin samples were placed in opposite jaws connected by a 2.54 by 2.54 cm 
piece of skin for the tear testing (Table 4).  Garment finished samples endured higher peak load and strain values 
than classic finished samples, whereas for peak stress values, the opposite was found.  For energy to break, the 
garment samples were found to have larger values than those of either classic or matte finish.  The buffalo samples 
had higher energy to break values than all other skins except for suede.  Suede samples had higher energies to break 
than buffalo, blue and black ostrich, pig, lamb and goat.  The black ostrich samples were higher in energy to break 
than the brown, ecru, blue and rose alligator samples.  The blue ostrich endured larger energy to break values than 
all except suede, goat, black ostrich, pig, lamb, cow, and deer samples.  Since energy to break relates to toughness, it 
is an indicator of the resistance a skin will provide when being torn; the tougher the sample the more difficult it will 
be to tear.  For peak load, the suede samples were higher than for all except the buffalo and black ostrich, while 
buffalo was higher than all except suede, black ostrich and brown alligator.  Breaking loads demonstrated suede was 
greater than cowhide, and the ecru, rose and maroon alligator samples.  The suede samples had higher values than 
cowhide, lamb and peanut alligator samples.  Buffalo samples endured higher peak stresses than cowhide, lamb, pig, 
and blue and peanut alligator samples.  The maroon alligator samples had higher peak stresses than all but buffalo 
and suede samples.  For break stress values, the maroon alligator had higher values than cowhide, pig, lamb, goat, 
and rose, blue, ecru, and peanut alligator samples.  
4.3.2 Kawabata Evaluation System (KES)Testing 
Nondestructive tensile tests were performed on the Kawabata Tensile and Shear Tester (Table 5).  The 
linearities were similar for most of the skins and were in league with the maroon classic and ecru hornback alligator 
samples.  The emu skin was similar in value to the wild garment finished alligator and was less than the majority of 
the samples.  The suede and goat samples were higher than the bulk of the samples with linearities similar to blue 
garment, rose classic and black hornback alligator samples.  Tensile energies were lowest for the goat samples, 
which were more like the classic finished alligator skins.  The emu, suede and both ostrich samples behaved 
similarly to each other and to garment finished alligator skins in energy values.  The most extensible skins, the pig, 
deer and cowhide had much higher values than the other skins and the exotic samples as well.  The cowhide and 
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deer samples were less resilient than their exotic counterparts.  The pig sample had similar values to the chocolate 
classic alligator and the black hornback alligator samples.  The emu had the highest resilience of the additional skins 
tested which were similar in value to the brown wild garment finished alligator as well as the maroon and rose 
classic finished samples.  The remaining skins were similar to the blue garment finished and ecru hornback alligator 
samples.  The extensibility values followed the same trends as the tensile energy values.  Unfortunately very few of 
the samples could be tested on the KES system for bending, compression and shearing.  To compensate for the loss, 
the Qtest was used to evaluate bending and compression.  The skins were not appropriate for shear testing on the 
Qtest system due to their structure and thickness.   
The compression tester measured compressional deformation caused by a constant rate of deformation 
(Table 6).  Compressive stress is the opposite of tensile stress and the material response to compressive stress is the 
opposite of tensile strain (Gere and Timoshenko, 1990).  The linearity of the compression curve was noted as LC, 
the compressional energy as WC and the compressional resilience as RC.  The higher the compressional linearity, 
the greater is the linear relationship between stress and strain.  The lower the compressional energy value, the more 
difficult it is to deform the sample. The greater the compressional resilience, the greater is the recovery from the 
compressional deformation of the sample.  Suede and goat samples had similar linearities.  The ostrich samples were 
similar in linearities to each other and the black classic and brown garment alligator samples.  Emu and deer were 
similar to the blue garment samples.  Pig, lamb and cowhide had the highest values of the other skins tested and 
were similar to the chocolate and rose classic samples as well as to the matte finished alligator sample.  The energies 
were on average much less than for the alligator skins, indicating that the other skins were more easily deformed.  
The alligator samples with the lowest compressional resilience, the chocolate classic, the ecru matte and the black 
classic belly samples were similar to the emu skin samples.  The blue garment and black hornback alligator samples 
were similar to the blue ostrich, while the brown garment was similar to the suede samples.  For the resilience values 
the suede and deer had smaller values than the other samples.  Black ostrich, cowhide and emu were similar in value 
to the brown wild garment finished alligator.  Goat and blue ostrich were similar to the blue garment, matte and 
black hornback alligator samples, while the pig and lamb were similar to the chocolate classic alligator.  On average, 
the alligator skin also had higher compressional extensibilities with the exception of the black hornback sample, 
which had the lowest values of all samples.  Cowhide, deer and lamb samples were similar in value to the matte, 
blue garment and chocolate classic finished alligator skins.   
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The bending stress-strain curve was obtained to determine bending rigidity, or stiffness, denoted as B, and 
bending hysteresis denoted as 2HB (Table 7).  The larger the hysteresis, the less the bending recovery mirrored the 
initial bending. This may point to some limitations in the end uses of the skin.  The better draping fabrics will not 
only have low bending rigidities, but also smaller hysteresis values as well.  All of the alligator skins had higher 
bending rigidity values than the other skins.  Only the goat samples were in the range of the alligator skins.  The 
peanut garment finished skin is similar to the ostrich skins in bending rigidity.  The ostrich skins were in the realm 
of the bending rigidity of cowhide.  The lamb, pig, emu and deer samples offered very little resistance to bending.  
As far as hysteresis values, most of the other samples had lower values than the alligator samples.  The buffalo, deer 
and cowhide samples were similar to the peanut garment finished alligator sample.  The goat and suede samples 
were similar to the black belly classic, blue garment and rose classic finished alligator samples. 
4.3.3 Scanning Electron Microscopy 
To study the skins thoroughly, different regions of the skins were examined at different magnifications to 
further characterize their structure on both the grain and flesh sides.  The grain side appeared to be an agglomerate 
of fibers, for all leathers, regardless of finishes.  The flesh side demonstrated some differences between the 
orientations of the fibrils of the skins.  Both the grain and flesh sides of the leathers are presented.  Cowhide (Figure 
1) and ostrich (Figure 2) depicted less of a preferred orientation in the flesh side.  The fibrils of the cowhide appear 
smaller in diameter than the other samples.  The pig (Figure 3), goat (Figure 4), and lamb (Figure 5) samples had 
more of a mono-directional orientation to the fibrils, which would permit tearing.  The cowhide samples appear 
oriented, to a lesser extent than suede.  This is where the skin thickness is a factor, the cowhide is about one third the 
thickness of the suede, and the goat sample is thicker than the lamb and pig, and similar to deer (Figure 6), which 
appeared to have no preferred fibril orientation.  The suede skin essentially had two flesh sides, since the grain 
surface was knapped (Figure 7).  The suede appeared to have fibrils that were in the direction of the thickness of the 
sample.  This feature would not be conducive to tearing, which was in agreement with the sample’s high peak loads 
and energy to break values. 
4.3.4 Colorfastness Testing 
Evaluation of all color change was performed with the ISO R105 Gray Scale.  Evaluating color change due 
to wet and dry crocking was performed as per AATCC Test Method Test Method 8, simulating how skins stain by 
rubbing under wet and dry conditions.  The scale is from 1 to 5 with 5 indicating no change and 1 indicating drastic 
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change.  By far, skins perform better under dry conditions than wet, with the exception of cowhide and deer.  Under 
dry conditions, the rubbing cloth was stained minimally.  The most dramatic wet staining occurred in the ostrich, 
suede, goat and pigskin (Figure 8).  Traditional leathers perform similarly to exotic skins in dry crocking tests, but 
the alligator skins stained more with wet crocking. 
Figure 9 displays the color change due to dry-cleaning as per AATCC Test Method 132.  A multifiber strip 
was included to study the color change of fabric that might be in contact with the skin.  The scale is the same as the 
one used for crocking, with 5 indicating no change and 1 indicating drastic change.  Cowhide, blue ostrich, deer and 
buffalo were unchanged due to the treatment, whereas black ostrich and goat were minimally changed.  Only suede 
dramatically changed color itself during treatment.  Suede, pigskin and lamb dramatically stained all fibers with 
which it was in contact; deerskin staining all fibers with less color transfer to wool.  Rather than a particular fiber 
type being more susceptible to staining, the type of skin seemed to play a more dramatic role.  The alligator and 
ostrich samples were similar to cowhide, goat and buffalo, and superior to suede, deer, lamb and pig. 
 Because some consumers will attempt to home launder garments or upholstery, colorfastness to laundering 
tests were performed (Figure 10).  Skin samples dramatically changed color themselves, with the exception of the 
blue ostrich, deer, and pig.  In most cases, the wool and the acetate were stained the least, while cotton and acrylic 
were stained the most.  The pigskin even shrank during the laundering treatment.  When comparing to the exotic 
skins, the traditional leathers stained more materials, and to a greater extent, than the exotic skins.  The skins behave 
much better when dry-cleaned than when laundered. 
4.3.5 Near-Infrared Spectroscopy (NIR) 
Because of the correlations found with alligator skins, NIR was used to measure Young’s modulus 
nondestructively.  For each skin, two spectra were averaged and the spectra were correlated with Young’s modulus 
(R = 0.9591).  The flexural rigidity of the skins can be calculated using the Young’s modulus, sample thickness and 
the width of the test specimen, which can then be correlated with other properties.  Because of that success, the 
mean sample bending rigidity was predicted by NIR, R = 0.9977. 
4.3.6 Statistical Correlations 
A Pearson’s Correlation Matrix demonstrated the correlations of the mechanical and physical properties.  
Ideally, correlations with the easiest to measure properties, such as thickness, Young’s modulus as predicted by 
NIR, and flexural rigidity, which can be calculated from those values, are most desirable.  In the dog bone shaped 
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sample tensile testing, the tensile energy to break correlates with tensile flexural rigidity, R = 0.8867 and peak load 
R = -0.9756.  The tensile peak load also correlates with peak stress, R = 0.8511, as does the tensile Young’s 
modulus, R = 0.7386, weakly.  An important property, energy to break, is a measure of toughness or the ability of a 
material to absorb energy until it breaks.  Tough materials are typically strong and ductile.  In the leather industry, 
many wonder about the weak correlation between tensile strength and tear strength (Kung and McClintick, 2002).  
In support of their research, the tensile energy to break is correlated to the tear test peak and break load, R = 0.9375, 
R = 0.9501, and tearing Young’s modulus, R = 0.7870, as well as to grab tests peak load R = 0.8674.  Tensile energy 
to break values are also correlated with grab energy to break, R = 0.7949.  In tear testing, the tear flexural rigidity 
correlates with the tear peak load, R = 0.9313, as does the thickness, R = 0.8922.  In the grab test, the flexural 
rigidity correlates with the energy to break, R = 0.8350, which in turn correlates with peak load, R = 0.96553 and 
grab peak stress, R = 0.7727. 
When trying to correlate the hand parameters as measured by the KES system and the Qtest apparatus to 
other properties, separating the skins by finish was necessary.  The classic samples were highly correlated as seen 
with the Pearson’s Correlation coefficients. The KES-FB tensile extensibility correlated with the tensile linearity and 
energy, R = -0.9150, and R = 0.9861, respectively.  The tensile resilience correlated with the thickness of the tensile 
test, R = -0.9783.  The more extensible the fabric, the less tensile energy was required in the deformation.  The Qtest 
compressional linearity acted in the opposite direction as the grab energy to break, R = -0.9264.  The compressional 
energy was correlated with the grab peak stress, R = -0.8670, the greater stress the sample could endure, the more 
energy was required to deform it in compression.  The bending properties as determined by the Qtest method were 
also correlated with the grab energy to break, bending rigidity, R = -0.9875, hysteresis, R = -0.9061.  Because of the 
more complicated fibrous flesh side of the garment skins, the correlations between properties were not as strong.  
For the KES-FB tensile properties, energy and extensibility correlated with thickness, R = -0.7404 and R = -0.8030, 
respectively.  Tensile energy correlates with tensile resilience, R = -0.8690 and tensile linearity correlates with 
compressional linearity, R = 0.5480.  Qtest bending rigidity and hysteresis are well correlated, R = 0.9204, while 
rigidity and hysteresis correlate with tear energy to break, R = 0.8416 and R = 0.9751, respectively.  The Qtest 
compressional extensibility also correlated with bending hysteresis, R = 0.8888.  Compressional linearity correlates 
with grab energy to break, R = -0.8276, resilience with grab peak strain, R = -0.5857, and energy to thickness, R = 
0.9044.                
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4.3.7 Abrasion Resistance 
In textile and home furnishing applications, the fabrics used must not only meet minimum physical 
requirements, but aesthetic ones as well.  One such parameter is abrasion resistance.  Severe abrasion can deteriorate 
physical properties of fabrics, but even the slightest abrasion can reduce the aesthetic appeal of the fabric.  Because 
new textile and home furnishing markets are being sought for exotic skins, abrasion resistance becomes very 
important.  Despite being naturally abrasion resistant, such applications as upholstery require the highest visual 
standards.  Because traditional measurement techniques were not applicable, image analysis was turned to as an 
objective visual inspector of abrasion resistance.  Figure 11 illustrates an example of the abraded classic alligator 
and cowhide samples.   
A single factor ANOVA was conducted to compare the 220 pixel measurements from both the abraded and 
non-abraded region for each sample.  The mean values of all abraded regions were significantly different from the 
non-abraded sample, except for one instance.  The gold emu skin’s abraded and non-abraded regions were not 
different in value measurements.  Figures 12, 13, and 14 demonstrate the three-color measurements of the abraded 
and non-abraded sections for a classic finished alligator and a cowhide skin.  The abraded regions typically appear to 
be more varied than those of the non-abraded regions.   
Because of the color differences of the skins, the mean differences of all three-color measurements in 
abraded and non- abraded measurements were investigated as a ranking mechanism.  Visually, the greater the 
appearance difference between the two regions of the skins, the more abraded it appears.  The differences between 
the two regions for each of the three types of color measurements were averaged.  Table 8 displays the mean 
difference between the abraded and non-abraded sections of skin as well as the mean variance for both sections of 
the skin.  Panelists ranked the skins based on visual differences between the abraded regions to the non-abraded 
regions from worst appearance to best appearance.  Correlation between data and panelist rankings tested the 
validity of the measurement technique. 
In matching the image analysis to the panelist data, there were three distinct groupings, the most abraded, 
the least abraded and in between the two.  Actual rankings were different from person to person, however the 
groupings were consistent.  These groupings were most consistent with the rankings as determined by the mean 
differences of the YIQ image data.  Based on this, image analysis of the YIQ properties is best to assess abrasion 
resistance of the skins. 
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4.4   Conclusions 
In comparing the exotic to the traditional skins, other than significant differences with tensile, tear and grab 
testing properties with suede and buffalo skins, there were very few significant differences.  Thus, the exotic skins 
can successfully be substituted for their more traditional counterparts.  Finish of the skins has been demonstrated to 
have an impact on performance.  In an application where more extensibility is required, garment finished samples 
endure the higher peak strains needed.  In grab tensile testing, garment finished samples had significantly higher 
values than classic finished samples.  Similar results were found for tensile testing with the dog-bone shaped 
samples.  Garment finished samples had higher tearing strength than classic finished samples. It is in the tear testing 
that the alligator samples outperform the more traditional skins in peak loads.  If destruction of a hide is not an 
option, preliminary research indicates that NIR can predict Young’s Modulus as measured by the tensile test.  From 
the Young’s modulus and thickness, flexural rigidity can be calculated and these properties can be correlated with 
load and energy to break.  
  Qtest and Kawabata testing were primarily used to quantify different aspects of drape and hand, mainly 
bending, compression and tensile properties.  Results showed that the garment finished skins have better hand than 
other finished skins.  Deer, pig and cowhide have higher tensile extensibilities than the alligator and ostrich skins on 
average.  Alligator skins have slightly higher compressional energy values than the traditional skins.  Lamb, pig, 
emu, and deer skins have lower bending rigidities than the alligator skins, while the alligator skins have higher 
bending hysteresis values.  Otherwise, the alligator performs similarly to the more traditional skins.  Ostrich skins 
have similar bending rigidities to cowhide, while the emu skin has a lower rigidity value that is similar to pigskin.  
In compression, the ostrich and emu skins act similarly to each other and to the garment finished alligator skins.  In 
tensile extensibility, the ostrich skins behave similarly to the emu skin and the maroon classic finished alligator, less 
extensible than cowhide. 
The colorfastness results indicate that when rubbed, color change is much more dramatic when wet than 
dry.  During laundering the traditional leathers stained other fibers to a greater extent than the alligator skins.  Like 
the alligator skins, dry-cleaning caused less color change to the skin and staining of fibers with which it is in contact 
than laundering.  However, the alligator skins produced less staining than the more traditional skins during dry-
cleaning.  The ostrich skins behaved very similarly to cowhide in dry-cleaning, whereas in laundering, the blue 
ostrich more resembled the cowhide, while the black ostrich stained more than cowhide. 
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Table 1.  Sample description.  
Sample 
Description 
Finish Thickness 
(mm) 
Blue Ostrich Garment 1.05 
Black Ostrich  Garment 1.93 
Cowhide Garment 0.77 
Suede Suede 2.03 
Goat Classic 0.94 
Deer Garment 0.90 
Lamb  Embossed 0.66 
Pig Garment 0.54 
Buffalo Garment 1.74 
Emu Garment 1.14 
 
Table 2.  Tensile Properties of Leather Samples by Grab Method (ASTM Standard 2208). 
Sample Description Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Blue Ostrich 0.68 26.87 51.81 0.67 26.69 65.42 10.41 
Black Ostrich  0.88 18.21 46.41 0.86 17.86 35.30 13.25 
Cowhide 0.27 13.83 62.14 0.26 13.50 39.87 5.65 
Suede 1.40 29.22 46.60 1.40 29.05 51.38 27.21 
Goat 0.48 20.53 43.99 0.48 20.24 55.68 7.70 
Deer 0.43 18.84 57.42 0.43 18.61 50.70 7.93 
Lamb  0.08 4.80 49.20 0.08 4.74 15.82 1.40 
Pig 0.14 10.43 26.91 0.14 10.17 67.37 1.26 
Buffalo 0.71 17.95 38.94 0.68 17.37 48.97 7.74 
Emu 0.36 11.67 33.38 0.36 11.54 51.25 6.24 
 
Table 3.  Tensile Properties of Leather Samples (ASTM D2209). 
Sample Description Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Blue Ostrich 0.33 27.91 59.18 0.32 27.19 98.78 5.02 
Black Ostrich  0.44 18.47 44.23 0.43 18.05 59.89 6.75 
Cowhide 0.12 12.04 70.32 0.12 11.89 31.68 2.72 
Suede 0.75 29.15 40.68 0.74 28.98 73.62 12.50 
Goat 0.27 23.00 38.57 0.26 22.19 91.04 3.78 
Deer 0.22 18.11 41.57 0.21 17.81 84.40 2.71 
Lamb  0.13 12.03 60.67 0.12 11.73 36.59 2.36 
Pig 0.12 16.49 29.52 0.11 16.09 108.35 1.05 
Buffalo 0.84 50.54 40.44 0.83 50.22 113.81 11.01 
Emu 0.19 11.08 36.85 0.19 10.89 45.91 2.94 
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Table 4.  Tongue Tear Test of Leather Samples (ASTM D4704). 
Sample Description Peak 
load 
(kN) 
Peak 
stress 
(mPa) 
Peak 
strain 
(%) 
Break 
load 
(kN) 
Break  
stress 
(mPa) 
Young’s 
Modulus 
(mPa) 
Break 
energy   
(J) 
Blue Ostrich 0.02 0.89 52.06 0.02 0.87 110.30 0.09 
Black Ostrich  0.08 1.89 68.24 0.08 1.86 100.56 0.17 
Cowhide 0.01 0.59 108.93 0.01 0.53 72.23 0.08 
Suede 0.14 2.62 79.77 0.14 2.60 170.02 0.21 
Goat 0.02 0.78 52.67 0.02 0.77 101.58 0.10 
Deer 0.02 0.83 78.40 0.02 0.82 56.90 0.10 
Lamb  0.01 0.50 62.69 0.01 0.41 76.48 0.06 
Pig 0.01 0.58 78.65 0.01 0.52 83.82 0.06 
Buffalo 0.12 2.74 68.96 0.12 2.65 223.51 0.18 
 
Table 5.  Kawabata Tensile data. 
Sample Description LT WT (gf cm/cm2) RT (%) EMT (%) 
Blue Ostrich 0.7646 12.27 57.93 6.67 
Black Ostrich  0.8007 11.33 53.81 5.86 
Cowhide 0.8524 20.60 30.73 9.87 
Suede 1.0052 10.66 50.98 4.38 
Goat 1.0665 6.99 55.88 2.64 
Deer 0.8197 27.34 36.08 12.62 
Lamb  0.8006 16.63 55.72 8.30 
Pig 0.7743 22.96 42.19 11.91 
Emu 0.6277 10.25 60.38 6.51 
 
Table 6.  Qtest Compression data. 
Sample Description LC WC (gf cm/cm2) RC (%) EMC (%) 
Blue Ostrich 0.4450 0.52 61.35 30.40 
Black Ostrich 0.4500 1.11 52.03 29.95 
Cowhide 0.5700 0.28 54.00 18.82 
Suede 0.3700 0.78 43.87 28.77 
Goat 0.3150 0.28 60.97 28.38 
Deer 0.5200 0.27 44.70 18.67 
Lamb  0.5800 0.19 66.70 17.41 
Pig 0.5900 0.17 64.76 15.60 
Emu 0.4950 0.46 55.76 27.18 
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Table 7.  Qtest Bending data. 
Sample Description B (gf cm2/cm) HB (gf cm/cm) 
Blue Ostrich 0.3958 2.16 
Black Ostrich 0.2324 1.96 
Cowhide 0.3296 1.58 
Suede 0.4008 3.50 
Goat 0.7000 3.92 
Deer 0.1360 1.37 
Lamb  0.0478 0.38 
Pig 0.0390 0.42 
Buffalo 0.2182 1.66 
Emu 0.0454 0.23 
 
Table 8.  Mean difference and variances of three color measurements. 
 RGB diff Var ab Var non HSV diff Var ab Var non YIQ diff Var ab Var non 
Rose farm  48.83 2647.39 373.81 31.10 1693.32 142.56 24.70 949.78 93.61 
Peanut hornback 4.50 233.97 141.51 2.94 129.46 87.36 1.65 83.81 51.04 
Brown tail 17.99 170.10 113.29 10.54 146.18 84.72 13.25 76.17 52.38 
Brown head 27.26 736.39 203.67 14.66 444.67 58.84 19.36 298.45 112.17 
Ecru horn 6.55 340.91 413.28 6.50 323.44 226.97 5.69 105.60 102.81 
Gold emu 10.23 319.36 91.18 6.54 168.29 48.27 6.09 106.77 32.64 
White ostrich 3.71 337.39 85.78 9.53 1125.44 35.13 1.84 105.79 29.27 
Black ostrich 40.80 915.06 622.86 17.55 309.28 236.37 14.07 313.38 207.97 
Black cowhide 7.48 829.19 173.64 3.41 301.85 65.28 2.63 274.16 57.96 
Black suede 27.20 367.69 393.88 18.83 241.03 544.58 9.72 122.38 130.13 
Black deer 9.49 241.48 364.03 6.36 100.57 160.32 3.77 79.50 120.17 
Green goat 123.09 919.85 423.37 63.32 354.04 708.44 43.82 307.53 140.35 
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Figure 1a.  SEM photomicrographs of grain side of cowhide. 
 
Figure 1b.  SEM photomicrographs of flesh side of cowhide. 
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Figure 2a.  SEM photomicrographs of grain side of ostrich skin. 
 
 
Figure 2b.  SEM photomicrographs of flesh side of ostrich skin. 
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Figure 3a.  SEM photomicrographs of grain side of pigskin. 
 
Figure 3b.  SEM photomicrographs of flesh side of pigskin. 
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Figure 4a.  SEM photomicrographs of grain side of goatskin. 
 
Figure 4b.  SEM photomicrographs of flesh side of goatskin. 
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Figure 5a.  SEM photomicrographs of grain side of lambskin. 
 
Figure 5b.  SEM photomicrographs of flesh side of lambskin. 
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Figure 6a.  SEM photomicrographs of grain side of deerskin. 
 
Figure 6b.  SEM photomicrographs of flesh side of deerskin. 
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Figure 7a. SEM photomicrograph of the grain side of suede. 
 
Figure 7b. SEM photomicrograph of the flesh side of suede. 
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Figure 8.  AATCC 8 Color Change. 
 
Figure 9.  AATCC 132 Color Change due to dry-cleaning. 
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Figure 10.  ASTM D2096-93 Color Change due to laundering. 
 
       
Figure 11a.  Abraded classic finished alligator skin. 
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Figure 11b.  Abraded cowhide. 
    
 
82
 
 
Figure 12a. RGB graphs of abraded (left) and non-abraded (right) of rose, classic finished alligator skin. 
 
 
 
 
 
 
 
Figure 12b. RGB graphs of abraded (left) and non-abraded (right) of black cowhide. 
 
 
Figure 13a. HSV graphs of abraded (left) and non-abraded (right) of rose, classic finished alligator skin. 
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Figure 13b. HSV graphs of abraded (left) and non-abraded (right) of black cowhide. 
 
 
Figure 14a. YIQ graphs of abraded (left) and non-abraded (right) of rose, classic finished alligator skin. 
 
 
 
 
 
 
 
 
Figure 14b. YIQ graphs of abraded (left) and non-abraded (right) of black cowhide. 
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CHAPTER 5.  CONCLUSIONS 
 
Throughout this document, the specific aims outlined in the first chapter were met.  The first was to 
establish testing methods and techniques appropriate for the evaluation of exotic skins, the second to build a 
database of physical properties, and the third to compare exotic to traditional leathers.  A set of textile, leather and 
other tests were identified and modified to produce meaningful data on the exotic skins to satisfy the first specific 
aim.  Hand, colorfastness to rubbing, dry-cleaning, and laundering, tensile tearing and, abrasion resistance were 
performed on the skins.  The tests were conducted on as many skins as possible, however, due to the size and 
expense of the skins, not all tests were performed on all skins.  Modifications included using an emu sleeve in 
tensile and tear testing, and using image analysis to measure abrasion resistance.  Through this testing a dataset of 
properties was created, making it possible to compare the skins to satisfy the second and third specific aims.  
Statistical correlations of the mechanical properties were made to correlate as many properties from as few easy to 
measure properties as possible.  Comparisons of the exotic skins to the traditional leathers were also carried out 
through ANOVAs using Bonferroni post hoc tests, which are appropriate for small sample sizes.  The small number 
of leathers tested is a limitation.  Because leather is a natural product and thus highly variable, the sample set is 
assumed not to be representative of the various leathers.  However, the data collected and the comparisons made do 
offer a reasonable interpretation of the behavior of both exotic and traditional leathers. 
5.1 Review of Conclusions of Chapters 2, 3, and 4  
In the second chapter, the focus was on establishing testing techniques to best characterize one emu skin.  
Based on the preliminary test results, image analysis seemed a promising technique to evaluate abrasion resistance, 
with 250 cycles sufficient to sustain visual abrasion.  Scanning electron microscopy indicated that the skins were 
made of a network of fibers whose organization varied with different sections of the skin.  Wet and dry crocking 
evaluated the color change of the skin as well as of the cotton fabric rubbing the skin.  Dry-cleaning and laundering 
the skin with a multifiber strip were necessary to study how the skin behaved and how the skin stained other fabrics.  
Colorfastness to dry-cleaning indicated that emu skin minimally stained cotton, nylon, and wool while changing 
color itself.  Laundering caused the skin to shrink and resulted in stains to acetate, cotton, nylon, polyester and wool.  
Kawabata testing indicated fabric hand; ASTM standard stiffness testing was unnecessary since it correlated with 
KES bending.  This testing quantified the fact that the belly region provided less bending rigidity and thus better 
hand than the thicker, back region.  For the tear test, the peak load was higher for the back region, while the belly 
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region had greater % strain at break with similar modulus values.  Based on these tests, emu skin was appropriate for 
apparel with limited drape requirements. 
In the third chapter, the techniques and methods outlined in the second chapter were carried out on several 
alligator skins.  Because of the structure and thickness of the alligator leather, KES-FB testing was not possible 
except for the tensile testing.  Qtest methods were primarily used to quantify the bending and compression aspects of 
fabric hand.  The garment finished alligator skins had better hand than matte or classic finished skins.  Tensile 
testing determined that finish was critical to the behavior of the skins.  Tear testing demonstrated that the classic 
finished samples were more prone to tearing at smaller loads than either the garment or matte finished samples, and 
had lower energies to break.  These differences were explained with the photomicrograph depicting the isotropic 
nature of the fiber alignment in the classic finished skins.  The garment finished skins endured higher loads, strains, 
and energy to break than the other finished samples in the grab test.  The tensile tests with the dog bone shaped 
sample produced more variable results than the classic finished samples; they endured lower strains than the 
garment and matte finished samples, on average.  The colorfastness results indicated that when rubbed, color change 
was much more dramatic when wet than dry.  Nylon and polyester were fibers that were most dramatically stained 
when dry-cleaned with the skins.   
ANOVAs by test and finish were performed with Bonferroni post hoc analysis to distinguish significant 
differences.  The only significant difference in the grab testing properties of the garment finished skins was found in 
peak strain values , which were higher for samples taken perpendicular to the head to tail direction.  There were no 
significant differences in the classic finished samples of the grab test.  In the tear testing of the classic finished skins, 
the Louisiana alligator skins had higher stress and strain values than the Florida alligator skins.  Tear strength of 
classic finished skins was higher in the head to tail direction than in the width direction, while the opposite was 
found in peak stresses and strains.  Louisiana garment finished skins had higher peak stress values in tear testing.  
Those skins tanned in Louisiana had higher load and stress values in tear testing.  Garment finished samples from 
the tail had higher stresses than those taken from the back or the belly in tear testing.  In tensile testing, the only 
significant differences were found in peak load of the classic finished samples and peak stress in the garment 
finished sample; in both cases, samples in the width direction had higher values.    
A Pearson’s correlation matrix was calculated on the mean properties of the skins to determine significant 
correlations among properties.  With easy to measure properties like thickness, Young’s modulus with NIR, and 
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flexural rigidity calculated with both of those, they were correlated with some properties measured by destructive 
techniques as seen in Table 1.  Tensile Young’s modulus correlated with the tensile stresses and the Qtest 
compressional resilience.  Typically, the higher the modulus, the stiffer the sample and thus the higher force per unit 
area the sample sustained.  The tear flexural rigidity correlated with the Qtest compressional resilience and tear 
energy to break.  The tearing energy to break correlated with tearing peak load and strain as well as Qtest 
compressional linearity.  Grab energy to break correlated with grab loads and strains and the Qtest compressional 
linearity.  A tougher material in tearing withstood larger loads and strains.  In addition, the KES-FB tensile 
extensibility correlated with tensile linearity and energy.  The KES-FB tensile linearity also correlated with the Qtest 
bending hysteresis.  Qtest compressional extensibility correlated with tensile resilience, since tensile and 
compressive forces were opposite.  Qtest bending rigidity correlated with bending hysteresis. 
In the forth chapter, ostrich, emu and traditional leathers were tested in the same manner as outlined in the 
second and third chapter.  In comparing the alligator and ostrich to the traditional skins, other than significant 
differences with tensile, tear and grab testing properties with suede and buffalo skins, there were very few 
significant differences.  Thus, the exotic skins can successfully be substituted for their more traditional counterparts.  
Finish of the skins was demonstrated to have an impact on the performance of the skins.  In an application where 
more extensibility was required, garment finished samples had the higher peak strains needed.  In grab testing, 
garment finished samples had significantly higher properties than classic finished samples.  Similar results were 
found for tensile testing.  Tear testing demonstrated garment finished samples endured higher peak loads and strains 
than classic finished samples, while classic finished samples had higher peak stresses.  It was in the tear testing that 
the alligator and ostrich samples outperformed the more traditional skins in peak loads.    
To determine fabric hand in terms of bending, compression and tensile properties, Qtest and Kawabata 
testing were used.  As with the alligator skins, these tests quantify demonstrated that the garment finished skins were 
more conducive to traditional apparel applications than other finished skins.  Deer, pig and cowhide had higher 
tensile extensibilities than the alligator skins on average.  Alligator and ostrich skins had as high a compressional 
resilience as the traditional skins, with the exception of suede.  Lamb, pig, emu, and deer skins had lower bending 
rigidities than the alligator and ostrich skins, while the alligator and ostrich skins had higher bending hysteresis 
values, thus these skins had better draping capabilities than the alligator skins.  Otherwise, the exotic skins perform 
similarly to the more traditional skins.   
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The colorfastness results indicated that when rubbed, color change is much more dramatic when wet than 
dry, as was found with the alligator skins.  The cowhide sample experienced less wet crocking color change than did 
all the other skins.  During laundering, suede, and pig samples stained the multifiber strip to a greater extent than the 
other skins.  Like the alligator skins, dry-cleaning caused less color change to the skin and staining of fibers with 
which it was in contact than laundering.  However, the alligator, ostrich and buffalo skins produced less staining 
than the more traditional skins during dry-cleaning.    
For all skins, if destruction of a hide is not an option, preliminary research indicates that NIR can predict 
Young’s Modulus as measured by the tensile test.  Using the average spectra for each skin, the NIR predicted values 
are quite good, R2 = 0.92 (Figure 1).  Young’s modulus also referred to as modulus of elasticity, is the ratio of the 
stress to strain during elastic deformation.  Young’s modulus also indicates the stiffness of a material, since the 
higher the modulus, typically the greater the stiffness (Callister, 1990).  From the Young’s modulus and thickness, 
flexural rigidity can be calculated as the product of modulus of elasticity and moment of inertia (Gere and 
Timoshenko, 1990).  These properties can then be correlated with properties that are measured by destructive 
methods.  With the success of NIR in predicting Young’s Modulus, NIR was also used to successfully predict the 
bending rigidity, as determined with the Qtest method, R2 = 0.99 (Figure 2).     
A Pearson’s Correlation Matrix, Table 2, demonstrated the correlations of the mechanical and physical 
properties of the leathers.  The flexural rigidity as calculated with the Young’s modulus as determined in the dog 
bone shaped tensile test correlated with tensile energy to break, which correlated with the peak loads of all tests, as 
well as to grab energy to break.  Tougher samples withstood higher loads.  Tensile flexural rigidity also correlated 
with tear peak load.  Grab flexural rigidity correlated with grab peak load and energy to break.  Grab peak load 
correlated with grab peak stress.  
In order to best predict the hand properties as determined by Qtest bending and compression tests and KES 
tensile tests, the skins were separated into finishes.  Both the garment and classic finished sets had several different 
samples and thus were used.  Table 3 shows the correlations of the classic finished samples, and in Table 4, the 
correlations of the garment finished samples were shown.  Because of their structure, the properties of the classic 
finished samples were more dependent on their grain layer and thus were more correlated than the garment finished 
samples.  The hand tensile measurements of the classic finished samples were correlated with one another, as were 
the bending properties.  The Qtest compressional properties of the classic finished samples were not correlated, 
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except for energy and resilience, or to other hand properties, except for tensile energy.  The KES-FB tensile energy 
correlated with tensile linearity and tensile extensibility, while tensile thickness correlated with tensile resilience.  
The Qtest bending rigidity and bending hysteresis correlated with grab energy to break in the classic finished 
samples.   
The garment finished had weaker correlations than the garment finished samples, due in part, to the softer 
grain side and the fibrous structure of the flesh side.  The KES-FB tensile energy and extensibility correlated with 
grab thickness.  Tensile resilience correlated with tensile energy, while tensile linearity was not correlated with any 
of the other tensile properties in the garment finished samples.  The Qtest bending rigidity and hysteresis correlated 
with the tear energy to break, and with each other.  For the Qtest compressional properties, linearity correlated with 
grab energy to break, energy with grab thickness, resilience with grab peak strain and extensibility with bending 
hysteresis.  Compressional energy was correlated with compressional linearity and tensile energy. 
5.2 Leather as a Coated Fabric 
Several properties have been identified as important for reinforced coated fabrics.  These include high 
tensile and shear strength, resistance to tearing, dimensional stability in the form of a high modulus and flammability 
resistance (Girgis, 1988).  In coated fabrics, the fabric serves as the load-bearing medium as well as the substrate to 
which the coating adheres.  The fabric dictates the mechanical properties of the structure.  The coating may inhibit 
yarn motion and thus limit tearing strength.  Thus, the ability of the yarns of the coated fabric to move is preserved 
by limiting the yarn crossover points in a given area of coating.  In coated fabrics with woven substrates, less crimp 
in the yarns means more directional homogeneity and thus reduces bending stiffness.  Thus, more entangled 
nonwoven substrates should mean higher bending stiffness.  The less coating needed to fill the voids between yarns, 
the more flexible the structure.  Yarn distortion is the result of shearing when restriction in the movement of yarns is 
present. When the movement of the yarns is fully restricted, then the coated fabric will buckle (Skelton, 1980).  In 
addition, weave structure plays an important role in maintaining tearing strength of coated fabrics.  In a study 
conducted by Abbott et al. (1971), just as in the uncoated state, twills and basket weaves are superior in tearing 
strength to plain weaves.  Once coated, the losses for plain weaves were 25 %, twill, 60% and basket weaves, 70% 
(Abbott et al., 1971).  These differences are a direct result of the coating restricting the movement of the more open 
fabric construction.  The softer the coating the more the tearing strength of the fabric will be preserved (Abbott et 
al., 1969).   
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Thus, if modeling leather as a coated fabric, the tearing strength is dictated by the organization and 
movement capabilities of the fiber structure.  In leather, the substrate is a nonwoven fabric and the coating is the 
grain layer.  The thinner the grain layer, the more the leather should bend, according to this model.  However, the 
different finishes of the skins act as different coatings, with the classic finishes being more like a brittle coating and 
the garment finished, more pliable.  The classic samples with their less soft ‘coating’ will have less tearing strength 
as compared to the softer ‘coated’ garment samples.  Thus, within a type of finish, the more resistant to tear the 
textile substrate, the more resistant the coated fabric is to tearing.  Theoretically, the thicker the flesh layer, the 
structure is due to more fibers being able to share the loads.  This is seen with the thicker samples, buffalo, suede 
and ostrich.  The classic finished samples can be modeled in this manner, with the thickness of the grain and the 
organization of the fibrillar structure dictating the mechanical properties.  In addition, the stiffer the grain layer, as 
with the classic finished samples, the more difficult it is to inhibit the propagation of tearing.  
5.3 Leather as a Composite Material 
In fibrous nonwoven composites, the properties of both the fiber and the matrix are known quantities that 
can be used to predict behavior of the composite, thus this was not a perfect model for leather.  In a composite, the 
matrix transfers the load to the fibers to strengthen the composite.  The matrix must also be ductile enough to inhibit 
crack propagation.  In most theoretical models, the interface is assumed ideal, which was not the case in many 
composites, but is a reasonable assumption with leather.  This interface is seen as the most critical element in 
transferring the imparted force.  Theocaris and Papanicolaou (1980, p. 434) stated the  
…physical behavior of the system depends on the geometrical, topological and physical properties 
of the dispersed phase…Clearly if the composite is to be effective the major proportion of the load 
must be supported by the fiber rather than by the matrix.  However the load is usually mainly 
applied to the matrix, and so must be transferred to the fiber through adhesion or friction at the 
matrix-interface.  This gives rise to complex stress and strain distributions…   
 
Both the shear and Young’s modulus decrease with an increase in fibrous volume in a braided yarn 
composite (Byun et al., 1991).  The more organized the structure of the ‘yarn’ or leather fiber bundle, and the more 
fibrous the bundle is, the lower the Young’s modulus.  This is seen with the cowhide photomicrograph, the fibrils 
are smaller in diameter corresponding to a lower Young’s modulus.  The classic finished samples have large sheets 
of fibrils, which correspond to the higher Young’s modulus and bending rigidities.   
Leather can be thought of in terms of a composite, with the grain layer acting as the matrix that transfers 
the loads through shearing forces to the fibers that act as reinforcement.  The interface between fiber and matrix is 
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critical for the strength of the composite.  In leather materials, this interface is strong because it is a natural product, 
an ideal composite, in that regard.  Composite strength is predicted by this interfacial shear strength through an 
equation relating fiber diameter and embedded length, as well as the force required to move the fiber (Schwartz, 
2001).  In nonwovens, tensile strength and stiffness correlate with fiber structure and fineness.  The more oriented 
the fibers, the lower tenacity and flexural rigidity of the nonwoven (Wei et al., 1985).  Thus, the classic finished 
leathers, with their fibers less randomly organized than their garment finished counterparts are stiffer. 
In fabrics, shearing occurs in the spaces between yarns in a woven, knit or nonwoven material.  For the 
leathers, shearing could not be measured due to the thickness of the skins.  However, even if the leathers were 
treated as nonwovens, the grain layer would impede shearing even in the void areas.  If it is assumed that all grain 
layers are equivalent, then the void space of the fibrous flesh layer would indeed be that limiting factor, however, 
not all grains are the same.  If the fibrous flesh side is more like a carded web with a preferred fiber orientation, then 
shearing will be limited (Wei et al., 1985).  If the fibers are more along the lines of a hydro-entangled web with 
fibers in random directions, then the structure should enjoy more shearing.  In some instances, the fibrous side of the 
leather appears to be a woven fabric, then shearing would be limited by the movement of the warp and weft fibers, 
in essence, having a bias direction.  Shearing, then must be a combination of the two distinct layers, with one layer 
dictating the limitations of the other.  Based on appearance, the leathers that are classically finished seem stiffer than 
those garment finished and thus limit the shearing and bending properties.  This is confirmed with the Qtest bending 
data.  If the leather is thought of as a coated nonwoven, the coating of the classic finished samples is stiffer and more 
rigid than the coating of the garment finished samples.  Unfortunately the structure and the thickness of the skins 
prohibited their analysis by Kawabata and Qtest techniques.  
If it is assumed that the leather acts as a homogenous composite material, then the shear modulus can be 
related to the elastic modulus, or Young’s modulus, through the Poisson ratio of the material.  The Poisson ratio is 
the relationship between the lateral and axial strains and ranges from about 0.1 for concrete to 0.5 for rubber.  It is 
assumed to be the same in both tension and compression.  For glassy materials, the Poisson ratio is approximately 
0.25 to 0.35, where as for more rubbery type materials, it is approximately 0.4 to 0.5.  For leathers, if the classic 
finished samples are assumed to have a Poisson ratio closer to 0.35, whereas if the garment finished samples are 
assumed to have a ratio closer to 0.4, differences between the two finishes emerge.  This means that the classic 
samples would have a shear modulus approximately 37% of the elastic modulus, and the garment finished samples, 
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the shear modulus is approximately 35.7% of the elastic modulus (Gere and Timoshenko, 1990).  This would 
indicate that the classic samples would have a higher shear modulus, and thus would be more resistant to shearing, 
as is intuitive. 
5.4 Recommendations 
To characterize exotic and traditional leathers, the finish and the thickness of the leather are crucial.  The 
higher the loads the samples can endure, the greater the energy to break, or the toughness.  The higher the loads, the 
higher the stresses the samples can endure.  Typically, the tougher the sample in tensile tests, the higher tearing 
strength it will have.  Hand properties and strains are more easily predicted when skins are divided into type of 
finish.  In the classic finished samples, the greater the energy to break, the greater the strains, stresses and loads.  For 
the tear tests, the thicker the sample, the greater the strains and loads for the classic finished samples.  For the hand 
tensile properties, the thicker the sample, the less resilience, the greater the energy, the greater the extensibility and 
the lower the linearity.  The higher the energy to break, the lower the bending rigidity and hysteresis values are in 
the classic finished samples.  The higher the Young’s modulus, the greater the compressional resilience and 
extensibility are in the classic finished samples.  For the other compressional properties, the lower the energy to 
break, the greater the linearity, and the greater the stress, the lower the energy is in classic finished samples.  In the 
garment samples, correlations to strain are not that prevalent in the tensile test . In the grab test the higher the energy 
to break, the higher the strains.  The tougher the garment finished sample, the higher the bending rigidity and 
hysteresis.  As seen with the classic finished leathers, the higher the tensile energy to break, the higher the tearing 
loads and stresses.  The thicker the sample, the lower the tensile extensibility and energy, and thus, the higher the 
resilience is in garment finished samples.  Garment finished compressional energy increases with an increase in 
thickness.  If more precise data are required, near infrared reflectance spectroscopy is a promising means of non-
destructively predicting the Young’s modulus of a sample as well as the bending rigidity.  If general trends are 
required, thickness and finish type are sufficient to predict general behavior patterns.  Also, the thickness of the 
leather can be controlled to accommodate the desired properties. 
In upholstery and apparel applications, wet crocking colorfastness needs improvement.  Home laundering is 
not recommended, due to the color change of the leathers with the exception of ostrich, deer and pig.  In color 
transfers in laundering, cotton and acrylic faired the worst.  Dry-cleaning is a much better alternative, in which the 
exotic skins behave similarly to cowhide, goat and buffalo, and were superior to suede, deer, lamb and pig. 
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Figure 1.  Young’s Modulus as determined by tensile testing and by NIR. 
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Figure 2.  Bending rigidity as determined by Qtest testing and by NIR. 
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Table 1.  Pearson’s Correlation Matrix Highlights of Alligator Skins. 
Property Correlated with property Pearson’s R Correlation Coefficient 
Tensile Young’s modulus Tensile peak stress  0.8917 
Tensile Young’s modulus Qtest compressional resilience  0.8319 
Tear flexural rigidity Tear energy to break  0.7568 
Tear flexural rigidity  Tensile peak strain  0.9269 
Tear energy to break Tear peak load  0.9869 
Tear energy to break Tear peak strain  0.9558 
Tear energy to break Qtest compressional linearity -0.9664 
Tear flexural rigidity Qtest compressional resilience -0.9189 
Grab energy to break Grab peak load  0.9447 
Grab energy to break Grab peak strain  0.8852 
Grab energy to break Qtest compressional linearity -0.9489 
KES tensile extensibility KES tensile linearity -0.8561 
KES tensile extensibility KES tensile energy -0.9121 
KES tensile linearity Qtest bending hysteresis -0.8832 
KES tensile resilience Qtest compressional extensibility  0.8687 
 
 
Table 2.  Pearson’s Correlation Matrix Highlights of All Skins. 
Property Correlated with property Pearson’s R Correlation Coefficient 
Tensile flexural rigidity Tensile energy to break  0.8867 
Tensile energy to break Tensile peak load  0.9756 
Tensile peak load Tensile peak stress  0.8511 
Tensile energy to break Tear peak load  0.9375 
Tensile energy to break Grab peak load  0.8674 
Tensile energy to break Grab energy to break  0.7949 
Tear flexural rigidity Tear peak load  0.9313 
Grab flexural rigidity Grab peak load  0.8927 
Grab flexural rigidity Grab energy to break  0.8350 
Grab energy to break Grab peak load  0.9655 
Grab break load Grab peak stress  0.8247 
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Table 3.  Pearson’s Correlation Matrix Highlights of All Classic Finished Skins. 
Property Correlated with property Pearson’s R Correlation Coefficient 
KES tensile linearity KES tensile energy -0.8579 
KES tensile energy KES tensile extensibility  0.9861 
KES tensile resilience Tensile thickness -0.9783 
KES tensile extensibility KES tensile linearity -0.9150 
Qtest bending rigidity Grab energy to break -0.9875 
Qtest bending hysteresis Grab energy to break -0.9061 
Qtest bending rigidity Qtest bending hysteresis  0.8297 
Qtest compressional linearity Grab energy to break -0.9264 
Qtest compressional energy Grab break stress -0.8670 
Qtest compressional resilience Grab Young’s modulus  0.9115 
Qtest compressional extensibility Tensile Young’s modulus  0.9982 
Tensile peak load Tensile peak strain  0.9917 
Tensile peak load Tensile energy to break  0.9796 
Tensile peak strain Tensile energy to break  0.9872 
Tensile Young’s Modulus Tensile peak stress  0.9415 
Tensile peak stress Tensile peak load  0.7969 
Tear peak load Tear peak strain  0.9511 
Tear thickness Tear peak strain  0.9597 
Grab energy to break Grab peak load  0.9873 
Grab peak load Grab peak stress  0.9016 
Grab peak load Grab peak strain  0.9653 
Grab peak strain Grab energy to break  0.9938 
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Table 4.  Pearson’s Correlation Matrix Highlights of All Garment Finished Skins. 
Property Correlated with property Pearson’s R Correlation Coefficient 
KES tensile linearity Qtest compressional linearity  0.5480 
KES tensile energy Grab thickness -0.7404 
KES tensile resilience KES tensile energy -0.8690 
KES tensile extensibility Grab thickness -0.8030 
Qtest bending rigidity Tear energy to break  0.8416 
Qtest bending hysteresis Tear energy to break  0.9751 
Qtest bending rigidity Qtest bending hysteresis  0.9204 
Qtest compressional linearity Grab energy to break -0.8276 
Qtest compressional energy Grab thickness  0.9044 
Qtest compressional resilience Grab peak strain -0.5857 
Qtest compressional extensibility Qtest bending hysteresis  0.8888 
KES tensile energy KES tensile extensibility  0.9556 
KES tensile energy Qtest compressional energy -0.7815 
Qtest compressional linearity Qtest compressional energy -0.7479 
Tensile flexural rigidity Tensile energy to break  0.8011 
Tensile energy to break Tensile peak load   0.9757 
Tensile peak load Tensile peak stress  0.9180 
Tensile energy to break Tear peak load  0.8835 
Tear flexural rigidity Tear peak load  0.8799 
Tear peak load Tear peak stress  0.9904 
Grab thickness Grab peak load  0.8640  
Grab peak load Grab energy to break  0.9171 
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